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An  important  consideration  for  the  advancement  of  process 
technology  surrounding  groups  III-V  and  II-VI  compound  semiconductor 
materials  is  an  understanding  of  their  thermodynamic  behavior, 
particularly  with  respect  to  solid-liquid  equilibrium.  General, 
rigorous  and  unified  thermodynamic  relationships  that  can  be  used  to 
describe  phase  equilibrium  in  quaternary  systems  of  the  types 

(Ax8y('l-x-y^mDn  and  ^AxBl-x^m^y°l~y^n  have  been  developed.  This 
formulation  is  easily  applied  to  binary  and  ternary  systems  by 
assigning  the  value  of  m,  n,  x or  y to  one  or  zero. 

The  formulation  of  the  problem  requires  the  evaluation  of  two 
types  of  quantities:  one  type  represents  the  reduced  standard  state 

chemical  potential  difference  and  the  other  represents  the  ratio  of 
the  deviation  from  ideal  solution  behavior  in  the  liquid  phase  to 
that  in  the  solid  phase.  The  former  parameter  is  a function  of  the 
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temperature  and  pressure  of  the  system  and  choice  of  standard  state 
while  the  latter  parameter  is  a complex  function  of  the  temperature, 
pressure  and  composition  and  is  normally  expressed  in  terms  of 
solution  models.  Both  quantities  can  be  calculated  from  well- 
characterized  binary  and  pseudobinary  thermodynamic  properties. 

Novel  thermodynamic  sequences  have  been  developed  to  calculate 
the  pure  component  standard  state  chemical  potential  change  and  are 
applied  to  group  III -V  and  1 1 -VI  semiconductors.  A number  of 
solution  models  have  been  investigated  for  their  ability  to  represent 
both  the  liquid  and  solid  phase  thermodynamic  properties  of  the 
binary  and  pseudobinary  systems.  The  NRTL  equation  for  liquid 
solution  and  simple  solution  model  for  solid  solution  best  represent 
all  of  the  experimental  data  for  the  Ill-Sb,  111-111’  (except  Al-In) 
and  1 1 ISb— 1 1 1 1 Sb  systems.  The  best  fit  parameters  for  these  solid 
solutions  were  used  to  investigate  the  possibility  of  the  solid  phase 
immiscibil i ty  gap  in  each  system.  The  phase  diagrams  of  the 
Ill-III'-Sb  and  Al-Ga-In-Sb  systems  are  calculated  with  only  binary 
and  pseudobinary  parameters  and  compared  with  the  available 
measurements.  In  addition,  an  improved  method  is  presented  to 
predict  the  binary  phase  diagram  and  ternary  system  behavior. 

Finally,  the  use  of  a solid  state  galvanic  cell  employing  CaF2  as  an 
oxygen  ion  conductor  in  high  temperature  A1  systems  has  been 
demonstrated  for  the  first  time. 


IX 


CHAPTER  I 
INTRODUCTION 


1.1  Thermodynamic  Properties  of  the  Elemental, 

III-V,  and  II-VI  Semiconductors- 

There  are  several  families  of  semiconductor  materials;  the  most 
studied  are  the  elemental  semiconductors  Si  and  Ge,  formed  from  atoms 
located  in  column  IV  A of  the  periodic  table.  Compound 
semiconductors  are  formed  from  various  combinations  of  atoms  located 
in  columns  III  A and  V A,  and  columns  II  B and  VI  A.  Silicon  is  used 
almost  exclusively  in  the  fabrication  of  semiconductor  devices  and 
modern  microcircui ts,  mainly  as  the  results  of  its  ease  of 
preparation,  pure  single  crystal  availability,  good  surface 
passivation  treatments  and  good  electrical  properties  (1).  For  some 
device  applications,  however,  silicon  is  not  the  optimum  material 
since  its  inherent  electronic  properties  and  physical  parameters  are 
not  variable.  As  a consequence,  many  important  device  applications 
are  not  possible  with  silicon  (e.g.,  high  speed  and  frequency 
devices,  light  emitting  diodes,  lasers  and  infrared 
photodetectors).  Because  of  this  inflexibility,  a considerable 
amount  of  current  investigation  has  focused  on  the  pure,  doped  or 
mixed  (multicomponent)  III-V  and  II-VI  compound  semiconductors  to 
meet  the  material  demands  of  the  devices  that  cannot  be  satisfied  by 
silicon. 
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The  III-V  materials  considered  here  are  formed  from  one  or  more 
of  the  group  III  A elements,  A1 , Ga,  or  In,  and  from  one  or  more  of 
the  group  V A elements,  P,  As,  or  Sb.  The  I I —V I semiconductors 
examined  in  the  study  are  formed  from  the  elements  Cd  and  Hg  in  the 
group  II  B column  and  from  the  element  Te  in  the  group  VI  A column. 
The  motivation  for  this  research  is  found  in  two  major  advantages 
offered  by  compound  semiconductor  materials.  The  first  advantage 
that  compound  semiconductors  offer  is  an  improvement  in  the 
electrical  properties.  Table  1-1  shows  electron  mobilities,  u , 
observed  for  the  III-V  and  I I -VI  binary  compounds  as  well  as  for  Si 
and  Ge.  The  electron  mobility  describes  the  ease  with  which 
electrons  drift  in  a material  and  is  defined  as  the  ratio  of  the 
average  electron  drift  velocity  to  the  electric  field  strength, 
provided  Boltzmann  statistics  are  valid  to  describe  the  transport. 

For  certain  devices  (e.g.,  ultra-high  speed,  high  frequency  and  low- 
power  logic  devices  (2)),  several  compound  semiconductors  provide 
significantly  larger  electron  mobilities  than  elemental 
semiconductors.  As  can  be  seen  in  Table  1-1,  as  much  as  an  order  of 
magnitude  improvement  can  be  found  by  using  compound  semiconductors 
InSb,  InAs  and  GaAs  instead  of  either  Si  or  Ge. 

Also  shown  in  Table  1-1  are  the  bandgap  energy  and  band 
structure  for  each  semiconductor.  The  bandgap  energy  is  the  energy 
difference  between  the  lowest  possible  conduction  band  electron  state 
and  the  highest  possible  valence  band  state.  Two  types  of  materials 
have  to  be  distinguished,  namely,  materials  where  the  wave  vectors  of 
the  valence  band  maximum  and  the  conduction  band  minimum  coincide 
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Table  1-1.  Band  structure,  electron  mobility,  lattice  parameter  and 
bandgap  energy  for  some  semiconductor  materials  at  300°K. 


Material 

Band 

Structure 

Ve 

o 

(cnr/v.sec) 

a 

(A) 

Eg 

(eV) 

Si 

Indirect 

1350 

5.43 

1.11 

Ge 

Indirect 

3900 

5.66 

0.67 

AlSb 

Indirect 

200 

6.14 

1.60 

GaSb 

Di rect 

5000 

6.09 

0.70 

InSb 

Direct 

100000 

6.48 

0.18 

A1P 

Indirect 

80 

5.46 

2.45 

GaP 

Indirect 

130 

5.45 

2.26 

InP 

Direct 

4000 

5.87 

1.28 

AlAs 

Indirect 

180 

5.66 

2.16 

GaAs 

Direct 

8500 

5.65 

1.43 

InAs 

Direct 

22600 

6.06 

0.36 

CdTe 

Direct 

1050 

6.48 

1.58 

Source:  Reference  (3). 
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(direct  bandgap  materials)  and  materials  where  this  is  not  the  case 
(indirect  bandgap  materials).  The  fundamental  band  to  band 
transition  of  direct  and  indirect  bandgap  materials  leads  to 
different  dependencies  of  the  absorption  coefficient  on  photon  energy 
in  the  region  of  the  bandgap.  For  a direct  semiconductor,  the  energy 
of  an  incident  photon  ( h v)  is  transferred  directly  to  minority 
carrier  electron-hole  pairs  generated  at  the  extrema  of  the 
conduction  band  and  valence  band.  For  an  indirect  semiconductor, 
however,  extra  crystal  momentum  is  required  to  generate  the  electron- 
hole  pairs.  Consequently,  the  absorption  process  in  the  indirect 
material  involves  multiple  particles,  with  a considerable  decrease  in 
the  minority  carrier  generation  rate.  For  optical  devices,  e.g., 
high  speed  photodetectors  and  lasers,  it  is  advantageous  to  utilize  a 
direct  band  semiconductor  to  acquire  high  quantum  efficiency. 

The  second  advantage  of  1 1 1 — V compound  semiconductors  over 
elemental  semiconductors  is  to  provide  more  degrees  of  freedom  in  the 
physical,  electrical,  and  optical  properties  available  to  the  device 
engineer.  One  degree  of  freedom  is  in  the  choice  of  the  binary 
compound  base  system  that  is  formed  by  combining  a group  III  atom 
with  a group  Y atom  to  give  nine  nearly  stoichiometric  binary 
compounds.  These  materials  provide,  for  example,  diode  sources  at 
several  different  wavelengths.  The  other  degree  of  freedom  is 
realized  as  a result  of  the -ability  to  form  completely  miscible 
substitutional  solid  solutions  independently  on  both  the  group  III 
and  group  V sublattices.  For  instance,  if  a single  group  V element 
is  used,  the  substitution  of  one  atom  on  the  group  III  sublattice  by 
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another  group  III  element  results  in  a III  — III V ternary  solid 
solution,  e.g.,  AlxGa1_xSb.  Of  course,  further  substitution  of  a 
group  III  atom  by  a group  III"  element  gives  a quaternary  solid 
solution  of  the  type  III— III III"— V.  In  a similar  manner,  if  two 
different  elements  are  used  on  each  group  III  and  group  V sublattice, 
a quaternary  solid  solution  of  the  type  Ill-Iir-v-V  is  obtained, 
e.g.,  Gax ^ l~x^y ^l~y * 

Figure  1-1  plots  the  lattice  parameter,  a,  of  III-V  binary 
compounds  versus  the  observed  room  temperature  bandgap  energy.  Eg. 

The  bandgap  energy  corresponds  to  the  cutoff  wavelength  (X(ym)  = 
1.24/Eg(eV) ) of  detection  devices.  The  cutoff  wavelength  is  the 
longest  wavelength  to  which  a detector  can  respond,  i.e.,  the  upper 
limit  of  the  detectable  wavelength  range.  With  solid  solution 
formation,  the  properties  of  the  III-V  solid  solutions  can  be  varied 
continuously  between  the  binary  compound  limits.  Each  solid  circle 
symbol  in  Figure  1-1  represents  the  values  of  Eg  and  a for  the 
particular  compound  listed.  The  continuous  substitution  of  a cation 
for  another  cation  or  an  anion  for  another  anion  is  represented  by  a 
line  (ternary  domain).  A solid  line  indicates  a direct  bandgap 
transition,  while  a dashed  line  indicates  an  indirect  bandgap 
transition.  The  substitution  of  both  a cation  and  anion  leads  to  an 
enclosed  area  (quaternary  domain)  of  permissible  lattice  parameters 
and  corresponding  bandgap  energies.  It  is  now  clear  that  the 
physical,  electrical,  and  optical  properties  of  the  solid  solutions 
are  expanded  into  a wider  spectrum  than  those  in  elemental 
semi  conductors. 
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Figure  1-1.  Lattice  constant,  bandgap  energy,  and  corresponding  diode  emission  wavelength  for  Ill- 

compounds  and  solid  solutions  at  room  temperature:  , direct  bandgap;  — , indirect 

bandgap;  #,  binary  compounds. 
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Essentially,  the  entire  area  enclosed  in  Figure  1-1  is 
accessible  to  the  device  designer  when  ternary  and  quaternary  III  — v 
solid  solutions  are  employed.  This  is  particularly  important  in  the 
design  of  he tero junction  devices  in  order  to  specify  both  the 
material's  bandgap  energy  (to  produce  the  desired  optical  properties) 
and  the  lattice  constant  (lattice  matching  of  the  active  layer  to  the 
substrate  material  is  necessary  to  produce  defect  free  epitaxial 
layers).  For  example,  ternary  GaxIn^_xP  of  a particular  composition 
and,  therefore,  a particular  bandgap  energy  between  two  binary 
limits,  can  be  lattice -matched  (nearly  free  for  all  Ga  Ali  V)  to 
GaAs  or  A! As.  Lattice  mismatch  at  the  region  of  the  heteroboundary 
may  cause  two  degrading  effects.  First,  it  can  introduce  deep  energy 
levels  into  the  bandgap  which  can  serve  as  traps.  These  traps  will 
function  as  recombination  centers  which  in  turn  shortens  the  minority 
carrier  lifetime  and  hence  limits  the  efficiency  of  devices  (e.g., 
infrared  diode  lasers  and  photodetectors).  Second,  lattice  mismatch 
can  increase  interface  charge  density  and  hence  increase  the 
interface  scattering  centers  which  in  turn  reduce  the  carrier 
mobility  across  the  junction.  Also,  these  centers  will  increase  the 
free  carrier  response  time. 

Similarly,  II-VI  materials  can  provide  more  degrees  of  freedom 
in  the  appropriate  properties  of  the  material.  For  longer  wavelength 
devices,  however,  one  has  to  rely  on  II-VI  or  IV-VI  (narrow  energy 
bandgap)  compound  semiconductors.  As  an  example,  photodetectors 
operating  up  to  about  12  pm  are  required  for  thermal  imaging  systems 
in  the  third  atmospheric  window  (4).  The  cutoff  wavelength  region 
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from  X - 0.5  urn  (A1P)  to  X = 7.3  ym  (inSb)  can  be  covered  by  devices 
on  the  basis  of  elemental  and  1 1 1 — V semiconductors.  The  basic 
problem  is  to  find  a suitable  semiconductor  with  an  energy  gap  of 
about  0.103  eV  which  corresponds  to  the  desired  12  urn  long-wavelength 
cutoff  of  detector  response.  No  elemental  or  III-V  semiconductors 
with  an  energy  gap  suitable  for  an  intrinsic  detector  responding  at 
wavelengths  longer  than  7.3  urn  is  available.  It  is  necessary  to  use 
a multicomponent  II-VI  system  for  which  the  properties  could  be  tuned 
in  the  7.3-12  urn  interval  by  adjusting  the  alloy  composition. 

The  CdxHg1_xTe  ternary  alloy  is  such  a material.  This  ternary 
consists  of  a mixture  of  the  semiconductor  CdTe  (Eg  = 1.58  eV)  and 
the  semimetal  HgTe  (Eg  = -0.3  e V ) ( 4 ) . The  energy  gap  as  well  as  the 
lattice  constant  depend  almost  linearly  on  the  mole  fraction  x 
between  two  pure  compound  values,  so  that  it  passes  through  zero  at 
an  intermediate  composition  (x  a 0.15)  and  is  0.1  eV  at  x 13  0.2. 
Materials  suitable  for  intrinsic  infrared  detectors  can  be  obtained 
simply  by  mixing  CdTe  and  HgTe.  Although  some  of  these  alloys  have 
been  studied  at  particular  compositions,  the  widespread  use  of  these 
materials  is  still  limited  due  to  technological  difficulties. 

1.2  Phase  Diagrams 

The  analysis  of  many  solid  state  processes,  e.g.,  bulk  crystal 
growth,  liquid  phase  epitaxy  and  laser  recrystall ization , require  the 
knowledge  of  the  related  phase  diagrams.  They  provide  information 
about  the  solid-liquid  equilibrium  boundary  condition,  the 
distribution  of  a component  between  phases,  the  miscibility  of  the 


9 


participating  compounds  and  the  solid  phase  solubility.  The  latter 
is  particularly  important  for  device  applications  because  the 
electronic  properties  of  compound  crystals  depend  on  the  nature  and 
range  of  the  homogeneity  domain.  The  carrier  type  and  concentration 
of  an  intrinsic  material  are  directly  related  to  the  deviation  from 
stoichiometry.  In  order  to  specify  and  control  these  properties 
during  the  crystal  fabrication  and  annealing  processes,  the  phase 
diagrams  offer  indispensable  information.  Usually,  the  equilibrium 
conditions  are  given  in  multidimensional  P-T-X  diagrams.  In 
practice,  however,  these  are  projected  unto  tempera ture-composi tion 
(T-X)  diagrams  or  unto  pressure-temperature  (P-T)  diagrams. 

The  III  — V and  1 1 -VI  compound  semiconductors  of  interest  here 
crystallize  in  the  zincblende  structure.  This  is  a very  open  and  low 
density  structure  where  each  atom  is  tetrahedral ly-coordina ted  to  its 
neighbors.  The  covalent  bond,  which  is  dominant  in  most  of  these 
materials,  arises  from  the  sharing  of  the  outer  four  electrons  with 
its  four  nearest  neighbors.  Because  of  this  strong  bonding,  there  is 
a tendency  for  the  two  components  to  cluster  together.  This  appears 
on  the  phase  diagram  as  a negative  deviation  from  ideality  and 
formation  of  a congruently  melting  compound.  A majority  of  the 
bindary  phase  diagrams  have  been  experimentally  determined  (5) 

(except  for  the  Al-P  and  Al-As  systems).  Shown  in  Figure  1-2  is  a 
generalized  binary  phase  field  of  these  materials.  The  solid  phase 
is  characterized  by  a single  equimolar  compound  showing  a negligible 
range  of  stoichiometry.  In  truth,  the  binary  compounds  considered 
here  are  not  strictly  line  compounds;  some  nonstoichiometry 
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Figure  1-2.  Generalized  group  III-Y  (or  II-VI ) binary  phase  diagram. 
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is  present.  The  defect  calculations  of  Van  Vechten  (6),  Hurle  (7), 
and  Edelein  and  Mathiot  (8)  indicate  the  range  of  nonstoichiometry  is 
less  than  3x10  4,  3xl0-3,  and  3x10”°  mole  fraction  in  GaP,  GaAs,  and 
GaSb,  respectively.  In  general,  the  melting  temperature  of  the 
congruently  melting  compound  is  higher  than  that  of  the  elements 
(except  for  the  InSb-Sb  case).  The  systems  also  exhibit  simple 
eutectic  behavior  and  are  often  nearly  degenerate. 

The  temperature-composition  phase  diagram  of  a generalized 
ternary  A-B-C  system  is  shown  in  Figure  1-3  using  triangular 
coordinates  to  represent  composition.  A single  liquidus  surface 
covers  nearly  the  entire  phase  diagram  and  the  solidus  sheet  of 
^AxBl-xh+6cl-6  is  simplified  to  zero  thickness  (5  = 0). 

Furthermore,  the  solidus  sheet  would  be  slightly  inclined  if  the 
maximum  melting  temperatures  of  the  alloys  are  located  at 
nonstoichiometric  compositions.  These  simplifications  are 
nevertheless  of  great  importance  to  the  growth  and  properties  of  the 
alloys.  For  example,  it  is  preferable  to  prepare  stoichiometric 
crystals  by  equilibration  with  the  melt  at  lower  temperatures  where 
the  extent  of  defects  is  less  and  therefore  inhomogeneities  are  less 
severe.  Also  shown  in  this  figure  is  the  pseudobinary  phase  diagram 
which  is  isomorphous  for  all  systems  (except  for  the  GaAs-GaSb 
system).  Experimentally  ternary  liquidus-solidus  data  exist  for  most 
of  the  pseudobinary  systems  while  results  outside  the  pseudobinary 
phase  field  exist  only  for  a few  technologically  important  systems. 

The  phase  diagrams  of  quaternary  and  higher  systems  have  received 
very  little  attention. 
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Figure  1-3.  Generalized  group  III -V  ternary  phase  diagram  of 
interest. 
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To  experimentally  determine  the  possible  18  ternary  and  15 
quaternary  phase  diagrams  of  1 1 1 — V compounds  would  be  an  expensive 
and  time-consuming  process.  In  addition,  some  systems  have  extremely 
high  vapor  pressures  (As,  P,  and  Hg  dissociation  pressures  at  the 
melting  temperature  are  30.8,  0.33,  and  12.5  atm  for  GaP,  InAs,  and 
HgTe,  respectively  (5,9)).  Some  of  the  elements  are  highly  reactive 
(e.g.,  Al).  For  these  reasons,  the  development  of  solution  models 
capable  of  interpolation  and  extrapolation  of  the  existing 
experimental  data  and  prediction  of  phase  diagrams  for  systems  of  a 
greater  number  of  components  is  desirable. 

Figure  1-4  shows  a representation  of  the  Ga-In-Sb  ternary  phase 
diagram  useful  for  obtaining  information  related  to  liquid  phase 
epitaxial  growth.  Here  the  lines  labeled  573°K  through  948°K  are 
liquidus  isotherms,  i.e.,  these  lines  represent  isotherma 
(horizontal)  sections  through  the  ternary  liquidus  at  each  of  the 
indicated  temperatures.  Any  composition  on  the  773°K  liquidus  is  in 
equilibrium  with  Ga^n^Sb  solid  at  773°K.  The  value  of  the  solid 
composition  parameter  x in  equilibrium  with  the  liquid  are  given  by 
the  isosolidus  lines.  Two  such  lines  are  shown  in  Figure  1-4, 
x = 0.98  and  0.95.  Each  line  represents  values  of  the  liquid  mixture 
mole  fractions  in  equilibrium  with  a solid  with  the  specific  value  of 
x with  which  the  curve  is  labeled.  Thus,  for  example,  the  ternary 
diagram  indicates  that  for  the  growth  of  an  Ga  In  Sb  alloy  at 

• J <1  • 1 J 

773°K  the  liquid  must  have  a composition  such  that  the  elemental  mole 
fractions  are  xQa  = 0.335,  xJn  = 0.483,  and  xSb  = 0.182. 
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Figure  1-4.  Isothermal  liquidus  and  isosolidus  concentration  curves 
in  the  Ga-In-Sb  system,  •:  Ga<91In>lgSb  alloy  at  773°K. 
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1 • 3 Previous  Calculations  of  Phase  Diagrams 
The  calculational  techniques  for  estimating  III-V  and  I I -VI 
phase  diagrams  have  been  widely  studied  by  several  investigators  in 
the  past  three  decades.  Vieland's  method  (9)  has  been  almost 
exclusively  used  to  characterize  the  standard  state  properties.  In 
this  procedure,  the  chemical  potential  of  pure  compound  IC,  u^s,  as 
expressed  in  terms  of  the  chemical  potentials  of  the  components  in 
the  stoichiometric  liquid  mixture,  wf 1 (T)  and  u^(T),  the  entropy  of 
fusion,  ASjr,  the  compound  melting  temperature,  Tjq,  and  the 
difference  in  constant  pressure  molar  heat  capacity  between  the 
compound  IC  and  its  supercooled  liquid  mixture,  ACp.  The  resulting 
expression  is 


UICS<T)  = "l1(T)  * “c1(T)  - ^IC^IC  ' T) 

+ 4Cp(TjC  - T - T ln(TjC/T»  (1-1) 

where  I = A,B.  The  term,  ACp,  is  usually  taken  to  be  zero  or  a 
constant.  With  this  expression  for  UjC  and  with  ACp  = 0,  the 
equilibrium  equations,  for  a liquid-solid  equilibrium  in  a ternary 
system  AXB^_XC,  are  given  by 
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where  Y is  the  activity  coefficient  of  the  indicated  element  (A,  B, 
or  C)  in  the  liquid  or  of  the  compound  (AC  or  BC)  in  the  solid  at  the 
temperature  of  interest,  T,  and  x is  the  mole  fraction  of  the 
indicated  element  in  the  liquid  solution  or  of  the  compound  in  the 
solid  solution.  The  superscript  si  denotes  the  binary  stoichiometric 
liquid,  i.e.,  A0i5-C0>5  in  Equation  (1-2)  and  BQ>5-C0>5  in  Equation 
(1-3).  Typically,  the  adjustable  parameters  in  a solution  model  for 
liquid  or  solid  solution  have  been  obtained  by  fitting  only  the 
available  binary  or  pseudobinary  phase  diagram.  The  solution  model 
expression  for  the  activity  coefficient  has  been  used  not  only  to 
represent  the  component  activities  along  the  liquidus  curves,  but 
also  the  stoichiometric  liquid  activities  needed  in  Equations  (1-2) 
and  (1-3). 

The  simple  solution  model  has  been  most  extensively  applied  to 
describe  the  dependence  of  the  excess  integral  molar  Gibbs  energy, 

Gxs,  on  temperature  and  composition  in  binary  (10-19),  quasibinary 
(20-24),  ternary  (24-40)  and  quaternary  (41-47)  III-V  phase  diagram 
calculations.  Considering  a simple  multicomponent  system,  the  excess 
integral  molar  Gibbs  energy  of  solution  is  expressed  by 


Qxs 


2 n n 

y Z E 

k=l  j=l 

k t j 


Wkjxkxj 


(1-4) 


where  the  interchange  energies,  w^j  = are  functions  of 

temperature  and  pressure  and  are  independent  of  composition.  For 

condensed  phases,  the  pressure  dependence  of  w.  . can  be  neglected  and 

■ J 
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w-jj  is  usually  permitted  a linear  temperature  dependence,  a + bT. 
Strictly  regular  (random  mixing,  Sxs  = 0,  which  is  excess  entropy  of 
mixing)  and  athermal  (AHm  = 0,  which  is  enthalpy  of  mixing)  solutions 
are  two  limiting  cases  of  the  simple  solution.  For  strictly  regular 
solutions,  wXJ-  = a and  deviations  from  ideal  solution  behavior  arise 
from  heat  effecs,  while  for  athermal  solutions,  w^  = bT  and 
deviations  from  ideality  arise  from  entropy  rather  than  heat 
effects.  The  activity  coefficients  are  found  by  the  thermodynamic 
relationship 
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where  Nj  is  the  total  number  of  moles  in  the  system,  is  the  number 
of  moles  of  component  i,  and  n is  the  total  number  of  components. 

In  general,  the  simple  solution  model  can  be  used  quite  well  to 
describe  the  symmetric  binary  systems  (e.g.,  Ga-Sb  system). 

Inspection  of  Equation  (1-4)  with  n = 2 shows  that  the  excess 
integral  molar  Gibbs  energy  is  a symmetric  function  of  composition 
for  binary  systems.  For  highly  asymmetric  system,  e.g.,  Al-Sb 
system,  Anderson  et  al.  (18)  and  Joullie  and  Gautier  (19)  used 
different  values  of  the  interaction  parameter  on  either  side  of  the 
compound  melting  point,  while  Cheng  and  Pearson  (48)  added  a 
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concentration-dependent  term  to  the  interaction  parameter  wy.  In  a 
similar  manner,  a composition-dependent  wj  . has  been  used  to  describe 
the  Ga-In  (21)  and  the  Ga-As  and  Ga-P  systems  (49).  However,  the  use 
of  two  different  values  Wy  for  a binary  compound  in  the  prediction 
of  a ternary  phase  diagram  will  give  a discontinuity  in  the  liquidus 
at  quasibinary  composition.  Also,  incorporation  of  this 
concentration-dependent  term  in  the  calculations  contradicts  the 
requirement  of  the  simple  solution  model  where  the  interaction 
parameters  are  functions  of  temperature  and  pressure  only.  For  this 
case,  the  parameters  determined  by  curve  fitting  have  no 
thermodynamic  significance.  In  addition,  the  use  of  this  extra  term 
to  calculate  the  ternary  phase  diagram  will  lead  to  the  thermodynamic 
inconsistency  in  the  ternary  activity  expressions  which  invalidate 
the  Gibbs-Duhem  requirements . 

Although  the  simple  solution  model  provides  a good  analytical 
representation  of  the  binary  phase  diagrams,  it  does  not  yield  good 
values  for  liquid  solution  thermodynamic  properties  when  using  the 
same  parameters  as  those  determined  from  a fit  of  the  binary 
liquidus.  For  example,  values  of  the  enthalpy  of  mixing  predicted 
from  these  liquidus  fits  is  always  positive,  while  the  available 
experimental  data  all  show  negative  values.  Indeed,  it  is  expected 
that  the  enthalpy  of  mixing  is  always  negative  due  to  the  strong 
attractive  interactions.  This  is  also  expressed  on  the  III-V  phase 
diagrams  as  a negative  deviation  from  ideality  and  a tendency  toward 
compound  formation.  Similarly,  Thurmond  (11)  and  Arthur  (12)  found 
that  the  interaction  coefficients  obtained  from  a fit  of  the 
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experimental  liquidus  or  vapor  pressure  in  the  arsenide  and  phosphide 
systems  did  not  produce  the  same  dependence  on  T.  Panish  and  Ilegems 
(16)  pointed  out  that  these  discrepancies  may  be  due  to  (a)  errors 
resulting  from  assumed  values  for  AS^  and  the  ACp  = 0 approximation 
in  Vieland  s liquidus  equation  (1-1),  (b)  deviations  from  simple 
solution  behavior,  or  (c)  uncertainties  in  the  interpretation  of  the 
vapor  pressure  data  because  some  of  the  quantities  necessary  in  the 
calculations  are  not  accurately  known  (for  example,  reference  state 
vapor  pressures  for  pure  liquid  As  and  P).  Knobloch  et  al.  (50,51) 
and  Peuschel  et  al.  (52,53)  have  obtained  excellent  agreement  between 
cal cula  i,ed  and  experimental  activities  and  vapor  pressures  with  the 
use  of  Krupkowski  s asymmetrical  formalism  for  activity  coefficients, 
while  Ilegems  et  al.  (54)  and  Panish  (55)  demonstrate  that  a 
satisfactory  agreement  between  liquidus  results  and  vapor  pressures 
is  obtained  when  an  accurate  expression  for  the  liquidus  is  used. 

In  addition,  several  other  models  have  been  used  with  Vieland1 s 
Equation  (1-1)  to  calculate  binary  or  ternary  phase  diagrams.  Among 
these  are  the  quasichemical  equilibrium  model  (56,57),  truncated 
Margules  expansions  (49,58,59),  Gaussian  formalism  (60),  orthogonal 
series  expansions  (61),  Darken1 s formalism  (62),  and  various 
associated  solution  models  (63-68).  The  associated  solution  model 
usually  is  based  on  the  following  assumptions:  (a)  the  molecular- 

like  stoichiometric  species  of  unlike  atoms  called  "clusters," 
"associates,"  or  "complexes"  exist  in  the  liquid  state;  (b)  the 
associated  complexes  are  in  a dynamic  equilibrium  with  the  non- 
associated  atoms  which  can  be  described  by  a mass  action  law;  (c)  the 
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associated  complexes  behave  as  an  independent  particle,  (d)  all 
species  are  statistically  distributed;  (e)  the  excess  thermodynamic 
properties  consist  of  both  the  physical  interactions  and  chemical 
reaction  contributions.  This  model  has  been  widely  used  in  strongly 
interacting  systems  with  their  asymmetric  properties,  which  could  not 
be  expressed  by  many  of  the  other  models  mentioned  here.  It  becomes 
a complicated  problem,  however,  to  generalize  this  model  to 
multicomponent  systems  due  to  a large  number  of  parameters  involved 
in  the  calculation,  ror  example,  it  would  then  be  possible  to 
describe  a given  AHm  curve  with  very  different  sets  of  parameters 
within  the  experimental  error  due  to  the  existence  of  multiple 
solution.  Although  a few  studies  combined  the  liquid  phase 
properties  with  the  liquidus  in  the  parameter  estimation  (59,68,69), 
almost  all  of  these  models  have  used  only  one  set  of  thermodynamic 
properties  to  estimate  the  model  parameters.  Some  of  these  results 
will  be  discussed  in  connection  with  the  results  of  this  work  in 
Chapter  III  and  subsequent  chapters. 

Several  attempts  have  been  successfully  made  to  calculate 
ternary  and  quaternary  phase  diagrams  with  the  various  solution 
models  by  fitting  the  available  binary  and  pseudobinary  phase 
diagrams.  For  example,  the  liquid  phase  activity  coefficients  of  a 
simple  solution  can  be  calculated  with  Equation  (1-6)  in  which  the 
binary  parameters  are  obtained  by  fitting  the  binary  experimental 
data.  To  obtain  the  solid  solution  activity  coefficients,  as 
required  for  Equations  (1-2)  and  (1-3),  the  solid  solution  is  usually 
treated  as  pseudobinary  and  as  pseudoternary  and  pseudoquaternary 
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mixtures  for  ternary  and  quaternary  systems,  respectively.  The  solid 
interchange  energies  which  give  the  best  fits  to  the  experimental 
pseudobinary  phase  field  are  generally  used.  Where  the  binary 
liquidus  or  pseudobinary  liquidus  and  solidus  are  not  available 
solution  model  parameters  have  been  estimated  from  available  ternary 
phase  diagram  data  (16).  Foster  and  Woods  (20,70-72)  indicate  that 
six  pseudobinary  sections  can  be  satisfactorily  fitted  on  the 
assumption  that  the  liquid  phase  is  ideal  while  the  solid  phase  is 
athermal.  Panish  and  Ilegems  (16)  obtained  somewhat  poorer  fits  on 
the  assumption  that  both  liquid  and  solid  solutions  are  strictly 
regular.  Brebrick  and  Panlener  (23)  investigated  the  ideal,  strictly 
regular,  athermal,  and  quasiregular  models  for  each  phase  and 
concluded  that  the  strictly  regular  liquid  with  the  simple  solid  is 
the  simplest  formulation  giving  satisfactory  fits  for  each  of  the 
seven  systems  with  the  best  experimental  data  base. 

Attempts  have  been  made  to  calculate  the  solid  and  liquid 
interaction  parameters  from  the  physical  properties  of  the 
constituents.  Ilegems  (27),  Foster  (73),  and  Panish  etal.  (16)  have 
suggested  that  the  solid  phase  interaction  parameter  can  be 
approximately  determined  from  the  magnitude  of  the  lattice  parameter 
mismatch  between  two  end  compounds,  although  no  analytical 
expressions  were  presented  to  quantify  the  contribution  to  the  excess 
Gibbs  energy.  For  example,  the  solid  interaction  parameters  might  be 
taken  to  be  zero  for  the  AlSb-GaSb,  AlP-GaP,  and  AlAs-GaAs  ternary 
systems  since  the  lattice  parameters  of  the  binary  compounds  are 
nearly  identical.  Using  the  theory  of  Phillips  and  Van  Vechten  (74) 
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of  chemical  bonding  for  calculation  of  the  solid  interaction 
parameters  and  employing  the  molar  volumes,  Hildebrand’s  solubility 
parameters  (75)  and  electronegativities  (76,77)  of  the  constituent 
elements  for  calculation  of  the  liquid  interaction  parameters, 
Stringfellow  (78,79)  calculated  the  binary  and  ternary  phase  diagrams 
of  III-V  systems.  The  agreement  with  the  experimentally  determined 
phase  boundaries,  however,  was  poor  in  several  cases.  Stringfellow 
(80)  presents  a simpler,  more  accurate  semi -empirical  model,  called 
the  delta-lattice-parameter  (DLP ) model,  based  on  Phillips'  theory 
(31)  to  predict  the  solid  interaction  parameters  for  III-V  systems. 
The  results  of  the  calculations  are  in  good  agreement  with  those 
determined  by  fitting  the  experimental  phase  diagram.  This  model, 
however,  is  not  always  appropriate  for  II-VI  and  other  systems 
because  DLP  model  has  neglected  mismatches  in  the  ionicities  and 
dehydridization  factors  of  two  binary  compounds  (81).  Fedders  and 
Muller  (82)  have  recently  derived  an  estimate  of  the  solid 
interaction  parameter  from  another  point  of  view  which  ascribes  the 
mixing  enthalpy  to  bond  distortions  associated  with  the  alloy 
formation,  and  relates  these  to  the  macroscopic  elastic  properties  of 
the  crystal.  They  concluded  that  the  results  based  on  elastic 
crystal  parameters  yield  a similar  form  for  the  thermodynamic 

properties  as  those  estimated  by  DLP  model  based  on  optical  crystal 
parame  ters. 

The  predicted  results  of  the  ternary  and  quaternary  III-V  phase 
diagrams  from  the  various  solution  models  mentioned  above  show  that 
no  single  model  can  describe  the  whole  ternary  or  quaternary  system 
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as  well  as  the  binary  limits  and  agree  with  the  experimental 
results.  For  example,  Gratton  and  Woolley  (24)  have  shown  that  the 
simple  solution  model  for  Ga-In-Sb  system  can  give  values  of  liquidus 
isotherms  in  good  agreement  with  the  available  experimental  data, 
while  the  predicted  solidus  isotherms  and  isoconcentration  lines  are 
very  different  from  the  experimental  data.  In  general,  the 
calculated  liquidus  isotherms  are  in  satisfactory  agreement  with 
experimental  data,  and  are  insensitive  to  a small  variation  in  the 
model  parameters.  The  calculated  solidus  isotherms,  however,  are 
more  sensitive  to  the  values  of  the  interaction  parameters,  and  are 
in  fair  to  poor  agreement  with  experimental  data. 

In  order  to  obtain  a better  match  of  the  calculated  ternary 
phase  diagram  to  the  experimental  one,  some  investigators 
(16,19,21,26)  have  obtained  the  binary  interaction  parameters  by 
fitting  experimental  ternary  data.  Similarly,  this  procedure  has 
been  adopted  in  the  calculation  of  some  quaternary  phase  diagrams 
(43,44,46,33).  Stringfellow  (80)  has  reviewed  some  of  the  solution 
models  and  discussed  the  discrepancy  between  the  calculated  and 
experimental  thermodynamic  properties.  He  concluded  that  the  simple 
solution  model  is  the  most  useful  approach  for  phase  diagram 
calculations,  but  it  cannot  accurately  predict  the  solution 
thermodynamic  properties.  Although  the  associated  solution  model  as 
proposed  by  Liao  et  al.  (68)  and  Szapiro  (84)  is  a more  physical 
model,  it  is  very  complicated  and  introduces  excessive  numbers  of 
adjustable  parameters,  15  parameters  in  the  ternary  calculation  and  8 
in  the  binary  calculation. 
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In  summary,  Vieland  s equation  (1-1)  has  been  widely  used  with 
the  various  solution  models  to  calculate  the  binary  and 
multicomponent  III-V  phase  diagrams.  This  method  usually  provides  a 
good  description  of  the  binary  phase  diagram,  but  the  predicted 
results  for  multicomponent  phase  equilibria  are  typically  only 
satisfactory  in  a small  temperature  range.  In  addition,  the  model 
parameters  obtained  by  fitting  the  binary  liquidus  usually  are 
different  (either  opposite  sign  or  wrong  magnitude)  from  those 
obtained  by  fitting  the  other  experimental  thermodynamic  properties, 
e.g.,  vapor  pressures,  component  activities,  and  enthalpies  of 
mixing. 


1.4  Proposed  Approach 

This  work  presents  a systematic  approach  to  calculating  the 
binary  and  multicomponent  phase  diagrams  from  available  binary  or 
ternary  thermodynamic  data.  Rigorous  and  unified  thermodynamic 
results  that  can  be  used  to  describe  phase  equilibrium  in  quaternary 
systems  of  the  types  (AxB1.x)|n(CyD1.y)n  and  ( Ax3yCl_x_y )mDn  are 
derived  in  Chapter  II.  The  formulae  presented  are  general  and  can  be 
easily  applied  with  a specific  value  of  x,  y,  m or  n,  to  give  the 
binary  or  ternary  limit.  The  formulation  of  the  problem  contains  two 
types  of  parameters.  One  designating  the  reduced  standard  state 
cnemical  potential  change,  9jq,  that  is  a function  of  temperature  and 
pressure  and  the  choice  of  standard  state,  and  the  other  representing 
the  deviation  of  solution  behavior  from  ideality,  r that  is  a 

X L/ 

complex  function  of  temperature,  pressure  and  composition.  Both 
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quantities  can  be  calculated  from  well-characterized  binary  and 
quasi  binary  thermodynamic  properties. 

Chapter  III  discusses  the  reduced  standard  state  chemical 
potential  change,  0IC,  for  compound  semiconductors.  Four  different 
methods  of  determining  0IC  are  presented;  each  requiring  a different 
experimental  data  base.  The  techniques  are  applied  to  the  Al-Sb, 
Ga-Sb,  In-Sb,  Hg-Te,  and  Cd-Te  systems  and  values  for  9IC  are 
suggested.  A consistent  model  representation  of  the  available 
thermodynamic  properties  as  well  as  the  phase  diagram  in  conjunction 
with  the  recommended  0jq  values  is  discussed  in  Chapters  IV  and  V. 
Chapter  IV  presents  the  results  for  several  III-V  and  III-IH1  binary 
systems.  The  binary  data  sets,  as  well  as  the  cross-prediction  based 
on  different  data  sets,  are  discussed  here.  The  ability  of  selected 
solution  models  to  describe  all  of  the  available  thermodynamic  data 
for  the  Al-Sb  system  is  considered,  while  NRTL  and  simple  solution 
models  are  compared  for  the  Ga-Sb,  In-Sb,  Al-Ga,  Al-In,  and  Ga-In 
systems.  In  addition,  an  improved  method  was  presented  to  predict 
the  liquidus  of  the  binary  systems  by  fixing  one  or  two  parameters 
based  on  the  individual  activity  and  enthalpy  of  mixing  fits  or  the 
combined  data  set  fit  of  the  models  at  the  individual  melting  point 
and  eutectic  point  or  both  points  of  the  binary  compound.  The 

techniques  are  applied  to  the  Ga-Sb  and  In-Sb  systems  and  extended  to 
the  Ga-In-Sb  system. 

In  Chapter  V,  the  pseudobinary  data  sets  are  discussed.  Two 
different  ways  for  calculating  the  solid  interaction  parameters  are 
presented.  The  first  method  considers  the  pseudobinary  liquid 
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mixture  as  a three  component  system.  Results  are  obtained  by  fitting 
the  pseudobinary  liquidus  and  solidus  with  the  formulae  of  a ternary 
solution,  in  which  the  liquid  phase  mole  fraction  of  the  group  III 
elements  and  group  V elements  are  required  each  to  sum  to  0.5.  The 
second  method  considers  that  there  only  exist  two  components  in  the 
pseudobinary  liquid.  The  calculation  is  done  by  fitting  the 
pseudobinary  solidus  and  liquidus  data  with  the  formulae  for  binary 
isomorphous  phase  equilibrium.  The  definition  of  0jq  and  is  not 
the  same  in  both  cases. 

In  Chapter  VI,  the  ternary  data  sets  are  discussed.  Also,  the 
available  liquidus  and  solidus  isotherms  of  the  Ga-In-Sb,  Al-Ga-Sb, 
and  Al-In-Sb  systems  are  compared  with  the  results  predicted  with  the 
use  of  the  NRTL  and  simple  solution  models  and  parameters  determined 
from  binary  data  alone.  In  Chapter  VII,  the  phase  diagram  of 
Al-Ga-In-Sb  system  is  calculated  for  the  first  time  by  the  simple 
solution  model  with  only  binary  and  quasibinary  parameters.  Chapter 
VIII  demonstrates  for  the  first  time  the  use  of  a solid  state 
galvanic  cell  employing  CaF2  as  an  oxygen  ion  conductor  in  high 
temperature  A1  systems.  Finally,  Chapter  IX  presents  a summary  of 
the  results  of  this  work  and  recommendations  for  future  studies. 


CHAPTER  II 

SOLID-LIQUID  EQUILIBRIUM  IN  QUATERNARY  (A  B Ci 
'Vl-xWl-y’n  system!  V 


AND 


) C 
■x-y  'nrn 


I here  are  three  basic  types  of  quaternary  group  III-V  solid 
solutions:  3111:1V  or  1III:3V  A^C^^D  alloys  composed  of  three 

binaries  with  a common  anion  or  cation,  respectively  ( pseudo ternary ) 
and  21 1 1 : 2V  ^B^CyD^  type  in  which  both  the  anion  and  the  cation 
sublattices  are  mixed.  The  calculation  of  quaternary  phase  diagrams 
from  available  binary  or  ternary  thermodynamic  data  has  been 
presented  in  the  literature  (85-87).  A general  treatment  of 
quaternary  solid-liquid  equilibrium,  however,  has  not  been 
presented.  In  previous  work,  the  phase  equilibrium  equations  were 
arrived  at  by  extending  Vilend's  approach  to  binary  systems  and 
solution  treatments  were  confined  to  regular  solution  or  quasi- 
chemical models.  In  this  chapter,  general,  rigorous  and  unified 
thermodynamic  results  describing  solid-liquid  phase  equilibrium  in 
quaternary  systems  of  the  types  (AxByC1_x_y )mDn  and 
(AxBl-x  Wl-y^n  are  presented. 

There  are  two  general  methods  of  determining  the  equilibrium 
state.  Firstly,  if  the  Gibbs  energies  of  all  the  phases  in  the 
system  are  known  as  a function  of  the  appropriate  variables 
(temperature  (T),  pressure  (P),  species  composition  (x)),  then  the 
compositions  at  equilibrium  correspond  to  the  minimum  Gibbs  energy  of 
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the  system  at  a given  temperature  and  pressure.  Secondly,  if  the 
phases  and  species  present  in  a system  are  known,  the  equilibrium 
state  for  such  a system  is  determined  by  equating  the  temperature  and 
pressure  in  each  phase  and  the  chemical  potential  for  each  species 
transferable  between  phases.  Of  course,  the  results  obtained  for  a 
system  by  these  two  approaches  must  be  consistent.  For  convenience 
of  computation,  the  latter  approach  is  taken  here.  The  direct 
determination  of  phase  diagrams  is  easier  and  more  direct  than  the 
measurement  of  the  Gibbs  energy  of  solution  phases  for  metallic 
systems.  The  number  of  binary  III-V  and  1 1 -VI  systems  for  which 
phase  boundaries  have  been  well  determined  is  much  greater  than  that 
for  which  the  thermodynamic  properties  of  solution  phases  are 
known.  The  binary  phase  diagrams  provide  a data  base  for  estimating 
parameters  in  solution  models  which  are  then  useful  for  describing 
the  thermodynamic  behavior  of  higher  order  systems. 

2a  Splid-Liquid  Equilibrium  in  the  (A,B1_v)m(CyD1_y)p  System 
2-1.1  Sasic  Equilibrium  Conditions 

Consider  a quaternary  solid  solution  which  consists  of  two  group 
III  elements,  A ( 1 ) and  8(2),  and  two  group  V elements,  C ( 3 ) and  D(4), 
in  equilibrium  with  the  liquid  phase.  The  conditions  of  solid-liquid 
equilibrium  are  given  by 


(2-2) 
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and 


(2-3) 

(2-4) 

(2-5) 

(2-6) 


These  equations  are  difficult  to  work  with  since  the  chemical 
potentials  of  the  solid  phase  elements  cannot  be  measured  (e.g.,  the 
mole  numbers  component  1 cannot  be  varied  over  large  ranges  without 
also  varying  the  mole  3 or  4 component  mole  numbers).  The  quaternary 
solid  solution  may  be  considered  as  if  it  were  composed  of  four 
binary  solid  compounds  with  components  ArT)Cn  (13),  AmDn  (14),  BmCn 
(23)  and  BmDn  (24).  Algebraic  manipulation  of  Equations  (2-3)  to 
(2-6),  with  the  following  definition  of  the  chemical  potential  of  the 
solid  compound  component,  gives  the  following  set  of  equilibrium 
condi tions. 


S s s s 1 l 

yA  C H u13  H mu1  + = myi  + 

m n J 1 J 

s 1 1 

w14  " mul  + ny4 

s _ 1 1 

u23  ~ my2  + niJ3 

s 1 1 

u24  = mu2  + nu4 


(2-7) 


(2-8) 

(2-9) 


and 


(2-10) 
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The  chemical  potential  of  component  i in  phase  j in  Equations 
(2-7)  through  (2-10)  is  given  by 

uj  = u?’J  + RT  In  xM 

li 

= n°’J  +RT  In  a}  (2-11) 

wnere  is  the  standard  state  chemical  potential  of  component  i in 
the  phase  j,  and  is  a function  only  of  temperature,  pressure,  and 
choice  of  standard  state,  is  the  activity  coefficient  of  the 
component  i in  phase  j and  is  a function  of  temperature,  pressure  and 
composition,  xJ  is  the  mole  fraction  of  component  i in  phase  j,  and 
ai  is  the  activity  of  the  component  i in  the  phase  j and  is  the 
product  of  composition  and  activity  coefficient. 

Furthermore,  it  can  be  verified  that  one  of  these  four  equations 
((2-9)  to  (2-10))  is  not  independent  by  observing  that  their  left  and 
right  members  obey  the  evident  relationship 

"13  * “24  = “l4  + “23  (2-12) 

Equation  (2-12)  provides  a constraint  for  the  chemical  potentials  of 
the  four  binary  species  in  the  quaternary  mixture  and  results  from 
the  stoichiometry  constraint  imposed  on  the  solid  solution  (equal 
number  of  group  III  and  V atoms).  By  imposing  the  constraint  of 
stoichiometry  on  the  solid,  it  has  been  assumed  that  the  homogeneity 
range  of  the  binary  compound  is  narrow  enough  to  produce  negligible 
variation  in  the  Gibbs  energy  with  composition,  i.e.. 
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(2-13) 


It  is  apparent  from  Eq.  (2-13)  that  the  chemical  potential  of  an 
elemental  component  in  the  solid  compound  can  be  a strong  function  of 
composition  m or  n along  the  locus  of  points  of  nonstoichiometry,  but 
ohe  sum  of  the  chemical  potentials  in  the  binary  solid  is  nearly 
constant  at  a given  temperature  and  pressure.  The  variation  of  the 
Gibbs  energy  of  the  solid  for  such  nearly  stoichiometric  compounds 
CdTe  and  HgTe  had  been  studied  in  previous  work.  Results  indicate 
that  neglecting  this  variation  does  not  lead  to  significant  errors. 
The  maximum  value  of  this  variation  would  be  only  0.1  kcal/mol  for 
HgTe  and  1 cal /mol  for  CdTe  with  homogeneity  range  of  0.5  at  % and 
0.001  at  %,  respectively.  The  homogeneity  ranges  suggested  for  IV-Y 
compounds  are  all  less  the  0.001  at  *. 


binary  components  forming  the  quaternary  solid  solution,  a single 
material  balance  gives  the  relationship 


2.1.2  Thermodynamic  Properties  of  the  (A..B 
Solid  Solution  ' ~ x_ 


jcil - xim!£y 2l -y)n  Quaternary 


Denoting  n|,  n|,  n|  and  n|  as  the  number  of  moles  of  elements  in 
the  solid  and  n12,  n14,  n23  and  n24  as  the  number  of  moles  of  the 


(2-14) 


(2-15) 


(2-16) 
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(2-17) 


It  is  obvious  from  Equations  (2-14)  through  (2-17)  that  the  sum  of 

the  first  and  second  equation  equals  that  of  the  third  and  fourth 
times  m/n,  i.e.. 


Equation  (2-18)  is  a stoichiometric  constraint  placed  on  the  solid 
solution,  i.e.,  the  sum  of  the  moles  of  the  group  III  elements  must 
be  equal  to  the  sum  of  the  moles  of  the  group  V elements.  The  solid 
phase  elemental  mole  number  in  terms  of  the  group  III  sublattice  mole 
fraction  x and  group  V sublattice  mole  fraction  y are 


n(n^  + n|)  = m(n^  + nj) 


(2-18) 


s 


n 


(2-19) 


n^  = m(l-x)n^ 


(2-20) 


(2-21) 


n4  = n(l-y)nt 


(2-22) 


Here  n|  is  the  total  number  of  moles  of  the  solid  solution. 


nt  = (nl  + n2)/m  = (n3  + n4)/n 


(2-23) 
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The  insertion  of  Equations  (2-19)  through  (2-23)  into  Equations 
(2-14)  through  (2-17),  followed  by  some  algebraic  manipulation, 
results  in  the  following  expressions: 

(2-24) 
(2-25) 
(2-26) 
(2-27) 

Inspection  of  the  set  of  Equations  (2-24)  through  (2-27)  shows  that 
the  sum  of  the  first  and  second  equations  equals  that  of  the  third 
and  fourth.  Thus,  one  of  the  four  Equations  (2-14)  through  (2-17) 
and  (2-24)  through  (2-27)  is  redundant  and  any  one  of  the  n^-.-'s  or 

* J 


xij  s TOy  be  arbitrary  chosen.  For  example,  taking  n 
arbitrary  value,  Equations  (2-14)  through  (2-17)  and 
(2-27)  then  reduce  to  the  following: 

13  or  x13  as  the 
(2-24)  through 

n14  = xnt  ' n13 

(2-23) 

n23  = ynt  “ n13 

(2-29) 

n24  = (l-x-y)nt  + n13 

(2-30) 

and 

xu  = x - x13 

(2-31) 

X23  = y - x13 

(2-32) 

X = X13  + X14 


!~x  - x23  + x24 


y ' X13  + X23 


1_y  = X14  + x24 
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*24  ~ (i-x-y)  + x13  (2-33) 

Clearly,  an  infinite  set  of  values  of  n13,  n14,  n23  and  n24  or  x13, 

x14»  x23  and  x24  1S  obtained  by  specifying  x,  y and  nt  or  x and  y in 
Equations  (2-28)  through  (2-30)  or  Equations  (2-31)  through  (2-33), 
respectively.  This  is  a characteristic  feature  of  a quaternary  solid 
solution  with  mixing  on  both  sublattices.  Therefore,  it  can  be 
deduced  that  the  molar  Gibbs  energy,  gs,  of  the  solid  solution  is 
given  as  a function  of  x14,  x23,  x24,  T and  P,  i.e., 

^ 9 (xi4>  x23 » x24>  (2-34) 

or,  alternatively,  as  a function  of  x,  y,  x13,  T and  P,  i.e., 

9S  = 3S(x,  y,  x13,  T,  P)  (2-35) 

The  molar  Gibbs  energy  of  the  quaternary  solid  solution  with  respect 
to  binary  components  is  given  by 

^ s s 

9 = x13u13  + X14u14  + x23u23  + X24M24  (2’36) 

Alternatively,  the  molar  Gibbs  energy  of  the  quaternary  solid 
solution  with  respect  to  elements  is  given  by 

gS  = xmu*  + (l-xjmp^  + ynuj  + (l-yjnnj  (2-37) 

Substituting  Equations  (2-31)  through  (2-33)  into  Equation  (2-36)  and 
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rearranging,  we  have  the  following  expression: 


9 ~ X13(u13  ' y14  " y23  + y24}  + Xu14  + ^23  + (1-x-y)  w|4  (2-38) 


while  algebraic  transformation  of  Equation  (2-37)  leads  to 


g - x(muj  + np^)  + ytmy^  + ny^)  + (1-x-y) (my^  + ny^)  (2-39) 

comparing  Equations  (2-38)  and  (2-39)  which  must  be  identical  for  all 
choices  of  the  value  x,  y and  x13  yields  the  relationships  between 
chemical  potentials 


and 


s _ s s 

y14  = my1  + ny4 

u34  = my*  + ny| 

S _ S s 

U23  = my2  + ny3 

s _ s s 

y13  = myl  + niJ3 

s , S s s 
y13  y24  “ y14  “ y23  ” 0 


(2-40) 

(2-41) 

(2-42) 

(2-43) 

(2-44) 


Not  surprisingly,  the  constraint  of  Equation  (2-44)  is 
thermodynamically  equivalent  to  Equation  (2-12).  Note  that  Equations 
(2-40)  through  (2-44)  are  satisfied  regardless  of  the  choice  of  the 
arbitrary  n-jj  or  x-jj- 
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2*1*3  kiquidus  Equations  for  the  (AvBt  — )„(C..Di  ..).  Quaternary 
Solid  Solution  * y 

In  order  to  put  Equations  (2-7)  through  (2-10)  into  a workable 
and  convenient  form  the  two  quantities  mentioned  in  Chapter  I (e--, 
the  reduced  standard  state  chemical  potential  difference,  and  r- 
the  ratio  of  liquid  phase  to  solid  phase  activity  coefficients)  are 
introduced.  Substituting  Equation  (2-11)  for  each  term  in  Equations 
(2-7)  to  (2-10)  yields 


x13  = r13(x11)m(x])nexp(-013)  (2-45) 

X14  = ri4{xl)m(x4)nexP<-0i4)  (2-46) 

X23  = r23(x2)m(x3)riexP('023)  (2-46) 

and 

X24  = r24(x2)m(x4)nexP("924)  (2-47) 

where  9^  and  r^-  are  defined  by 


m o,l 


TT 


ij  = 13,14,23,24 


(2-49) 


and 


( y]  )IT'(  Yj  ) ^ 


; ij  = 13,14,23,24  (2-50) 


It  is  obvious  that  the  subscripts  i and  j in  Equations  (2-45)  to 
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(2-50)  refer  to  liquid  phase  components,  while  the  subscript  ij 
refers  to  a solid  component.  For  convenience,  the  mole  fraction 
superscript  indicating  the  phase  is  dropped.  Moreover,  by  purely 

algebraic  operations.  Equations  (2-45)  through  (2-48)  are  transformed 
into 


and 


rl/m 

(m-l)/m 

ri3 

x13 

rl/m 

(m-1 )/m 

ri4 

X14 

rl/m 

(m-l)/m 

1 23 

x23 

rl/m 

(m-1) /m 

r24 

24 

X1  X3  e s P13X1 


-014/m 

x,  x/"  e = P1/lX 


1 4 


14  1 


X2  x3  2 E P23x2 


(2-51) 


(2-52) 


(2-53) 


x2  x4  e 


= P24x2 


(2-54) 


where  . is  identified  as 

p _ rl/m  (m-l)/m  n/m  . n . , ..  , 

ij  " ij  Xij  xj  exP  ~9i j/m)»  U =13,14,23,24  (2-55) 

Substituting  Equations  (2-51)  and  (2-52)  into  Equation  (2-24)  gives 


X ~ (P13  + P14)xl 


(2-56) 


The  distribution  coefficient  of  component  1,  K1#  is  defined  by 


Ki  57ppn  +p14 


(2-57) 
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Substituting  Equations  (2-53)  and  (2-54)  into  Equation  (2-25)  gives 


1 - x = (P23  + P24)x2  (2-58) 

Substituting  Equation  (2-56)  into  Equation  (2-58)  followed  by  some 
algebraic  manipulation  results  in  the  following  implicit  expression 
for  the  liquid  1 composition  in  equilibrium 


x 


1 


1 - (1  - X3  - X4)(P 
lP13  * P14>  - <P23 


23 


+ P 


+ P 


24 


(2-59) 


Similarly,  one  can  find 


x„  = 


1 - (1  - x3  - x4)(P13  + P|4) 
+ p24>  - + 


13  14' 


(2-60) 


Substituting  Equation  (2-59)  into  Equation  (2-56)  or  Equation  (2-60) 
into  Equation  (2-58)  gives 


. . (P13  + P14)[l  - (1  - x3  - x4)(P„  + P,4)] 

^3  + P14»  ' <P23  + P24>  U'61) 

Substituting  Equations  (2-52)  and  (2-54)  into  Equation  (2-26)  gives 

y = P13X1  + P23X2  (2-62) 

Substituting  Equations  (2-59)  and  (2-60)  into  Equation  (2-62)  gives 
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y = 


(P13  ~ P23}  " (1  " x3 


X4) ( P13P24  " PI4P23} 

[PlT7Tl7rZ  <P23  + P24) 


(2-63) 


If  we  choose  x13  as  an  arbitrary  value  and  substitute  Equations 
(2-31)  to  (2-33)  into  Equations  (2-59),  (2-61)  and  (2-63),  we  find 


X1  = X1(T»  P.  x»  Y,  x13 , xx,  x3,  x4)  (2-64) 

x = X(T,  P,  x,  y,  x13,  xx,  x3,  x4)  (2-65) 

and 

y = y(T,  P,  x,  y,  x13,  Xx,  x3,  x4)  (2-66) 

In  addition  to  these  three  equations,  we  have  one  constraint  Equation 
(2-12).  Moreover,  by  using  ordinary  algebraic  operations.  Equation 
(2-12)  is  transformed  into 


'13 


r r 

_ 141 23 

r r 
1 13" 24 


X14X23 

X24 


eXP{914+023-913-924) 


(2-67) 


xi3 (x»  y.  xi3»  t,  p) 


(2-68) 


Applying  the  Gibbs'  phase  rule  to  solid-liquid  equilibrium  in  a 
quaternary  system,  we  find  that  the  number  of  degrees  of  freedom  is 
equal  to  four.  It  can  be  seen  if  T,  P,  x3  and  x4  are  specified,  then 
xl»  x,  y and  x^3  can  be  completely  determined  by  Equations  (2-59), 
(2-61),  (2-63)  and  (2-67)  and  the  system  becomes  invariant. 

It  is  now  clear  that  the  working  Equations  (2-59),  (2-61), 

(2-63)  and  (2-67)  describing  the  phases  equilibria  are  implicitly 
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complex  relations  for  T,  P,  x,  y,  x-^,  x^,  X3  and  x4  and  involve  only 
two  thermodynamic  quantities  0- • and  r. . 

ij  ij* 

Special  Cases  of  the  (Av3^_Y)ry,(CyD1_y)n  System 
In  this  section,  several  special  cases  that  result  from  the 
above  general  working  equations  are  discussed.  These  equations  are 
easily  applied  to  ternary  and  binary  systems  by  assigning  the  value 
of  m,  n,  x or  y to  one  or  zero.  The  ideal  solution  phase  diagram  is 
generated  by  letting  the  r.^  terms  equal  unit. 

(1)  m = n = 1: 

The  quaternary  systems  are  now  of  the  type  AxB1_xCy01  (e.g., 

GaxInl-x,DyAsl-y » A1xGal-xAsySbl-y  and  A1  xGal-xpyAsl-y } * The  9e"eral 
working  Equations  (2-55),  (2-59),  (2-61),  (2-63)  and  (2-67)  are 
reduced  to  a simpler  form  and  given  by 


and 


p. . 
1J 

e r. 

j xj  exp(- 

"V  ; 

ij  = 13,14,23,24 

(2- 

-69) 

1 - 

(1  - x3  ■ 

- x4)(p23  + p24) 

(2- 

X1 

(P 

13  + P14} 

(P23 

+ p24> 

-70) 

X = 

(P13 

H 
1 1 

rH 

£X 

+ 

- (1  - 

x3  ' X4)(P23  + P24)J 

(2- 

•71) 

"13 + 

p14>  - 

^23  + P24} 

y = 

(P13 

" P23} 

d - x3 

- x4)(p13p24  ~ P14P23) 

(2- 

•72) 

(P13 

+ P14> 

tP23  + P24} 

_ ri4r23  x14x23 


13  ri3r24  x 


24  eXp(  914+023"013'924) 


(2-73) 


The  distribution  coefficient  of  component  1,  K:,  is  given  by 
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K.  = — = 
1 X1 


P + P 
13  *14 


-0 


rl3X3e 


13 


-9 


+ rl4x4e 


14 


(2-74) 


(2)  y = 1 (i .e. , x14  = x24  = x4  = 0): 

The  general  quaternary  system  (AxB1_x)m(CyD1_y )n  is  now  reduced 
to  the  general  ternary  system  of  the  type  (Ax31_x)rj)Cn.  The  results 
are  given  by 


p _ rl/m  (m-l)/m  n/m  , 
ij  " riJ  Xij  Xj  exp(~0. j/m)  ; ij  = 13,23 


1 - d - x3)p23 
P13  “ P23 


x = 


0 (1  - X.) 

23  J 


P P — 

^23  k13 


(2-75) 


(2-76) 


(2-77) 


The  distribution  coefficient  of  component  1,  Kx,  is  then 


K1=I^=P13  (2-73) 

Note  that  P14  = P24  = 0,  and  x13  is  equal  to  x in  the  formulation 
^x®l-x^m^n*  addition,  we  do  not  have  a constraint  Equation 
(2-12)  for  this  ternary  system.  Inspection  of  the  set  of  Equations 
(2-7o)  to  (2-78)  shows  that  the  results  are  completely  identical  to 
those  equations  directly  derived  for  the  general  ternary  system.  It 

should  be  obvious  that  the  similar  results  were  obtained  for  the  case 
of  y = 0. 
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(3)  m = n = 1,  y = l (i.e.,  x14  = x24  = x4  = 0) 

The  general  quaternary  system  is  now  ternary  system  of  the  type 
Ax3l-xC  (e-9-»  GaxIn1_xSb,  AlxGaj_xSb,  AljJn^Sb  and  A^Ga^As). 
After  some  algebraic  operations,  the  working  equations  are  given  by 


^-(l-x3)r23e'923 


-e 


13 


-9 


r13e  ' r23e 


23 


x3(l  - x3)  - ~ exp(e23) 


x = 


23 


— exp(e13)  - exp  (q„) 


13 


23 


23 ; 


(2-79) 


(2-80) 


and  the  distribution  coefficient  of  component  1,  Kj,  is  given  by 


K1  = r13X3exp(-913>  = P13  <2-81> 

Note  that  x13  is  equal  to  x in  the  formulation  AXB1_XC.  It  is 

apparent  that  the  similar  results  can  be  obtained  for  the  case  of 
m = n = 1 and  y = 0. 

(4)  x = 1 (i.e.,  x23  = x24  = x2  = 0): 

The  quaternary  systems  of  the  type  (AxB1_x)m(CyD1_y )n  are 
reduced  to  the  ternary  systems  of  the  type  Am(CyD1_y)n.  The  results 
are  given  by 


1/m  (m-l)/m  n/m 

ij  ij  xj 


exp (-9  /m) 

* J 


ij  = 13,14 


P.  . 
ij 


(2-82) 
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x,  = 


13 


+ P 


14 


(2-83) 


and 


y 


13 


+ P 


14 


(2-84) 


The  distribution  coefficient  of  component  1,  K:,  is  given  by 


Note  that  P23  = P24  = o,  and  x13  is  equal  to  y in  the  formulation 
Am^y^l-y  ^n* 

(5)  x - y - 1 (i.e.,  x14  = x24  = x23  = 0,  x2  = x4  = 0): 

The  quaternary  systems  of  the  type  (Ax81_x)ni(Cy01_y )n  are 

reduced  to  the  binary  systems  of  the  type  AmCn  (13).  The  results  are 
given  by 


P 


13 


,1/m  (m-l)/m  n/m 

13  x13  x3 


exp(-e13/m) 


(2-86) 


and 


x 


1 


(2-87) 


Substituting  Equations  (2-86)  into  (2-87)  and  rearranging, 
(a| )m(a3 )n  = exp(e13) 


(2-88) 
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Here  we  use  the  fact  that  x13  = yf3  = 1 and  P14  = P£4  = P23  = 0. 

(o)  m - n - 1,  x - y = 1 (i.e.,  x14  = x23  = x24  = 0,  x2  = x4  = 0): 
The  quaternary  systems  of  the  type  (AxB1_x)m(CyD1_y )p  are 

reduced  to  the  binary  systems  of  the  type  AC  (13).  The  results  are 
given  by 


P13  r13  x3  exP(~913)  (2-89) 

and 

x - 1 

X1  ‘ P^J  (2-90) 

After  rearranging  Equations  (2-89)  and  (2-90),  we  have 


ai  a3  ~ exp(e13)  ( 2—9! ) 

Here  „e  use  the  tact  that  x13  = yf3  = 1 and  P14  > P24  = P23  . o. 

2-2  Sol id-Liquid  Equilibrium  in  the  [A.8  System 

2*2.1  Basic  Equilibrium  Conditions 

In  this  section,  the  quaternary  solid  solution  is  considered 
which  is  composed  of  three  elements  A (1),  B (2)  and  C (3)  of  the 
group  III  or  V column  of  the  periodic  table  and  one  element  D (4)  of 
either  the  group  V or  III  column,  respectively,  in  equilibrium  with 
the  liquid  phase.  The  equilibrium  conditions  are  given  by 


(2-92) 
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(2-93) 

(2-94) 

(2-95) 

(2-96) 

(2-97) 


Again,  the  effect  of  defects,  i.e.,  nonstoichiometry,  is 
neglected.  With  this  treatment,  the  solid  solution  can  be  considered 
as  a pseudoternary  solid  solution  and  represented  by 

(AmDn)x(BmDn)y(cmDn)i_x-y,  where  binary  compounds  AmDn  (14),  BmDn 
(24)  and  CmDn  (34)  are  completely  miscible  within  some  temperature 
range.  Equations  (2-94)  through  (2-97)  then  reduce  to  the  following: 


s 1 1 

w14  = mvi  + nu4 

s 1 1 

u24  ~ my2  + ny4 

s 1 1 

U34  = mu3  + nu4 


(2-98) 

(2-99) 

(2-100) 


The  chemical  potential  of  component  i in  phase  j in  Equations 

(2-98)  through  (2-100)  is  given  by  Equation  (2-11).  Unlike  the 

previous  quaternary  system  (AxB1.x)m(CyD1_y)n,  there  is  no  extra 

chemical  potential  constraint  imposed  on  the  solid  solution  of  the 

quaternary  system  (ABC,  ) D 

x y 1-x-y  m n’ 
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2.2.2  Thermodynamic  Properties  of  the  (AvB„Ci_„  JJ)„  Quaternary 
Solid  SolutionT  x y~m_n 

Let  nj,  r>2,  n^  and  n4  denote  the  number  of  moles  of  elements  and 

n14*  n24  ar^  n34  denote  the  number  of  moles  of  the  binary  components 

forming  the  quaternary  solid  solution.  Then,  mass  balance  provides 


"l  = mni4 

(2-101) 

n2  = mn24 

(2-102) 

n~  ~ ■ mn  -s  < 
3 34 

(2-103) 

and 

"4  * "(n14  * n24  * n34> 

(2-104) 

It  is  apparent  from  Equations  (2-101)  to  (2-104)  that  the  sum  of  the 
first  three  equations  is  equal  to  the  fourth  equation  times  m/n, 
i . e . , 


n(n:  + n2  + n3)  = mn4  (2-105) 

Equation  (2-105)  is  a constraint  of  stoichiometry  imposed  on  the 
solid  solution,  i.e.,  the  sum  of  the  moles  of  the  group  III  elements 
must  equal  the  sum  of  the  moles  of  the  Group  V elements.  Setting 


= mxn. 
t 

(2-106) 

= mynt 

(2-107) 

n^  = m(l  - x - y)nt 


(2-108) 
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and 

where 


n4  = nnt 

nt  = n4^n  = ^nl  + n2  + n3^ 


= n 


14 


+ n24  + n 


34 


(2-109) 


(2-110) 


is  the  total  number  of  moles  of  the  solid  solutions.  Substituting 
Equations  (2-106)  to  (2-110)  into  Equations  (2-101)  to  (2-104)  gives 


x = x14 

(2-111) 

y - *24 

(2-112) 

and 

1 - x - y = x34 

(2-113) 

It  is  now 

clear  that  the  molar 

Gibbs  energy,  gs,  of  the  solid 

solution 

can  be  expressed  as  a 

function  of  x^4,  x24,  T and  P or  x,  y. 

T and  P,  i.e.. 


gS  = gs(*14,  *24,  T,  P) 

= 9S(x,  y,  T,  P)  (2-114) 

The  molar  Gibbs  energy  of  the  quaternary  solid  solution  with  respect 
to  binary  component  is  given  by 

9 = X14u14  + x24y24  + X34u34 


(2-115) 
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Also,  the  molar  Gibbs  free  energy  of  the  quaternary  solid  solution 
with  respect  to  elements  is  given  by 

gS  = xmy^  + ymu2  + (1  - x - y)my2  + ny4  (2-116) 

Substituting  Equations  (2-111)  to  (2-113)  into  Equation  (2-115)  gives 

gS  = xy^  + yys24  + (1  - x - y)y24  (2-117) 

Rearranging  Equation  (2-116)  gives 

gS  = x(myj  + ny4)  + y(my2  + ny4)  + (1  - x - y)(my|  + ny*)  (2-118) 

Comparing  Equations  (2-117)  and  (2-118)  results  in  the  following 
relationship  between  chemical  potentials 

y^4  = my*  + ny4  (2-119) 

y24  = my2  + ny4  (2-120) 

and  y24  = my*  + ny*  (2-121) 


In  fact,  as  can  be  seen  from  Equations  (2-119)  to  (2-121),  the 
compound  chemical  potentials  are  consistent  with  Equations  (2-98)  to 
(2-100). 
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2.2.3  Liquidus  Equations  for  the  (AvB,,Ci _~_.,)J)„  Quaternary 

V - i — F — -i  , . — " " ■ • * — jr — A V— ♦il— ■<»  ■ ■ ■ ■ ■ — 

Solid  Solution 

Compared  to  the  derivation  of  the  quaternary  system 
^x^l-x^m^y^l-y ^n*  t,1e  al9ebra  in  the  following  derivation  is 
simpler  and  less  tedious  and  proceeds  according  to  the  same 
pattern.  Again,  the  two  quantities  and  r.^  are  introduced  as 
mentioned  above  to  produce  Equations  (2-98)  to  (2-100)  into  a concise 
and  convenient  form.  Substituting  Equation  (2-11)  for  each  term  in 
Equations  (2-98)  to  (2-100)  gives 


where  9^  and  are  defined  by  Equations  (2-49)  and  (2-50), 
respectively.  For  convenience,  the  superscript  to  indicate  the  phase 
on  mole  fractions  will  not  be  used  in  the  following  derivation. 
Moreover,  by  some  algebraic  manipulation.  Equations  (2-122)  to 
(2-124)  are  transformed  into 


(2-122) 


*24  = r24(x2)m(x4)n  exP(_024) 


(2-123) 


and 


x34  = r34<x3)n,|x4)n  exp<_®34) 


(2-124) 


_ rl/m  (m-l)/m 
14  14  x14 


*1  xJ/m  exp(-9u/m)  = Pux1 


(2-125) 


x24 


rl/m  (m-l)/m  n/m 
24  x24  x2  x4 


exp(-924/m)  = ?24x2 


(2-126) 


_ rl/m  (m-l)/m  n/m 
34  34  34  3 4 


©xp  ( -©34/m)  s P34x3 


and 


(2-127) 
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where  P^j  is  defined  by  Equation  (2-55).  Substituting  Equations 
(2-125)  to  (2-127)  into  (2-111)  to  (2-113)  gives 


X - Puxx 

(2-128) 

y = p24x2 

(2-129) 

and 

1 - x - y ' P34x3 

(2-130) 

The  distribution  coefficient,  K,  is  defined  by 

^ _ mole  fraction  in  the  solid  solution  , 2 

mole  fraction  in  the  liquid  solution 

For  example,  the  distribution  coefficient  of  component  1,  Kp  is 
given  by 


K 


1 


(2-132) 


Substituting  Equations  (2-128)  and  (2-129)  into  (2-130)  followed  by 
some  algebraic  manipulation  results  in  the  following  implicit 
expression  for  the  liquid  1 composition  in  equilibrium 


x 


1 


^ ‘ x4)P34 


14 


34 


P - P 
24  34 

P - P 
14  r34 


(2-133) 


Substituting  Equation  (2-133)  back  into  Equation  (2-125)  gives 


X = P14[- 


1 - (1 


X4)P34 


P - p 
*14  k34 


- x. 


24 


34- 


P - P 
*14  ^34 


(2-134) 
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It  is  apparent  from  Equations  (2-129),  (2-133)  and  (2-134)  that  xp  x 
and  y are  an  implicit  function  of  T,  P,  x,  y,  xx,  x2  and  x4,  i.e.. 


x1  = x^T,  P,  x,  y,  xx,  x2,  x4) 

(2-135) 

x = x(T,  P,  x,  y,  x1,  x2,  x4) 

(2-136) 

and 

y = y (T,  P,  x,  y,  x^  x2,  x4) 

(2-137) 

As  indicated  above,  the  number  of  degrees  of  freedom  is  equal  to 
four  for  a quaternary  system.  It  can  be  seen  if  T,  P,  x2  and  x4  are 
specified,  then  x^  x and  y can  be  completely  determined  by  Equations 
(2-129),  (2-133)  and  (2-134)  and  the  system  becomes  invariant. 

It  also  is  apparent  that  these  equations  described  the  phases 
equilibria  are  implicitly  complex  relations  for  T,  P,  x,  y,  x^,  x2 
and  x4  and  involve  only  two  quantities  9..^.  and  which  can  be 
calculated  from  the  available  binary  or  ternary  thermodynamic  data. 
2.2.4  Special  Case  of  the  (AvByCi -v-y System 

One  can  obtained  all  possible  special  cases  by  putting  m,  n,  x 
or  y to  be  equal  to  one  or  zero  in  the  above  general  solutions. 
However,  the  results  of  equilibrium  in  the  ternary  and  binary  limit 
will  be  the  same  for  both  systems.  Thus,  only  one  special  case  will 
be  presented  in  this  section.  The  ideal  solution  phase  diagram  is 
generated  by  letting  the  T--  terms  equal  unity. 
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(1)  m = n = 1: 

The  quaternary  solid  solutions  of  this  case  are  represented  as 
Ax3yCi_x_yD  (e.g.,  AlxGayIn^_x_ySb  and  InPxAsySb^_x_y ) . Substituting 
Equation  (2-55)  into  Equations  (2-129),  (2-133)  and  (2-134)  followed 
by  some  algebraic  manipulations  results  in  the  following  implicit 
expressions  for  the  liquid  and  solid  compositions  in  equilibrium 


r3  (1  - x )e  934  -°24  _ -®34 

. - 4 4 . ,r24e  r34e 

’ -0,,  -0,,  X2  -9,,  -9-  ] 


V1 


r e 14  - r e ~34 
1 14e  r34 


(2-138) 


r e 14  - r e ~34 
1 14e  r34e 


X4(1  ' V ' 7^7  eXpl934> 


-9 


X = 


34 


24 


-9 


34 


14 


exp(914>  "F^eXP<934) 


®14  ^24e  ^34e 

x x r e — _ ) 

2 4*14  ' — o -a  1 

°14  034 

r14e  ' r34e 


(2-139) 


and 


-9 


y = r24  x2  x4  e 


24 


(2-140) 


The  distribution  coefficient  of  component  i,  , is  given  by 


Ki  = Tij.  Xj  exp(-9ij)  ; ij  = 14,  24,  34  (2-141) 

In  summary,  the  general,  rigorous  and  unified  thermodynamic 
results  that  can  be  used  to  describe  phase  equilibria  in  quaternary 

systems  of  the  types  { AxBi-x)ni(CyDl-y)n  and  ( AxByCl-x-y )m°n  have  been 
derived.  The  formulation  of  the  problem  contains  two  types  of 
parameters,  one  relating  the  standard  state  chemical  potential 


53 


change,  and  the  other  representing  the  deviation  of  solution  behavior 
from  ideality.  Both  quantities  can  be  calculated  from  well- 
characterized  binary  and  quasibinary  thermodynamic  properties.  The 
special  cases  of  equilibria  in  the  ternary  or  binary  limit  are  found 
by  putting  m,  n,  x or  y equal  to  one  or  zero,  while  the  ideal 
solution  phase  diagram  is  generated  by  letting  the  r.  . terms  equal 
unity.  The  importance  of  determining  0jq  and  therefore  in 
characterizing  the  reference  state  is  apparent  in  the  working 
equations  as  this  term  appears  in  the  argument  of  an  exponential. 

The  evaluation  of  the  ability  of  the  solution  models  to  represent  the 
experimental  phase  diagram  as  well  as  thermodynamic  properties  cannot 
proceed  until  a reliable  value  for  0jq  is  ascertained.  The  standard 
state  chemical  potential  calculation  will  be  discussed  in  more  detail 
in  the  next  chapter,  while  the  solution  behavior  will  be  examined  in 
the  subsequent  chapters. 


CHAPTER  III 

THE  REDUCED  STANDARD  STATE  CHEMICAL  POTENTIAL 
FOR  COMPOUND  SEMICONDUCTORS 


As  presented  in  Chapter  II,  the  conditions  for  solid-liquid 
equilibrium  require  standard  states  to  be  selected  and  differences 
characterized.  The  accuracy  of  the  value  for  the  standard  state 
chemical  potential  change  influences  the  estimation  of  the  model 
parameters  and  hence  the  data  cross-prediction.  The  reduced  standard 
state  chemical  potential  difference  for  compound  semiconductor  IC, 
denoted  by  0jq,  is  defined  by  Equation  (2-49)  and  rewritten  as 

9IC(T,P)  = Cu°’S(T,P)  - y ° ^ ( T , P ) - (T,P)]/RT.  (3-1) 

The  choice  of  reference  state  is  entirely  arbitrary  and  aided  by 
the  availability  of  an  experimental  definition  of  0IC  or  the  ability 
to  accurately  estimate  it.  The  standard  state  usually  selected  for 
compound  semiconductors  is  the  pure  component  of  the  same  phase  at 
the  temperature  of  interest.  It  is  for  this  reference  state  that  the 
most  progress  has  been  made  in  determining  a functionality  for  the 
activity  coefficient  that  has  a physical  basis.  However,  for  the 
problem  considered  here,  there  exists  a portion  of  the  phase  field  in 
which  the  pure  component  is  unstable,  or  at  best  meta-stable,  and 
presents  the  problem  of  characterizing  its  thermodynamic 
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properties.  This  problem  is  particularly  apparent  with  the  group  III 
arsenides  and  phosphides.  Other  possible  standard  states  that  are 
experimentally  accessible  include 

1.  The  pure  components  in  the  phase  of  interest  but  at  the 
melting  temperature  for  the  compound  IC. 

2.  The  pure  components  of  the  same  phase  and  at  the  temperature 
of  interest  for  easily  characterized  element  and  the  compound 
(e.g.,  I and  IC)  but  at  infinite  dilution  for  the 
experimentally  difficult  element  (e.g.,  C). 

3.  The  difficult  element  (e.g.,  C)  in  the  stoichiometric  melt  at 
the  temperature  of  interest. 

Unfortunately,  there  are  no  experimental  data,  which  are  needed 
in  the  calculation  of  Qjq  characterized  by  above  standard  states.  It 
should  be  pointed  out  here,  however,  that  the  pure  liquid  reference 
state  provides  problems  for  the  mercuride,  arsenide,  and  phosphide 
systems,  as  mercury,  arsenic,  and  phosphorous  sublime  well  below  the 
compound  melting  points.  The  use  of  an  infinite  dilution  reference 
state  would  overcome  this  difficulty.  Since  the  choice  of  standard 
state  is  coupled  to  the  calculation  of  activity  coefficients  the 
corresponding  functionality  of  the  standard  state  is  altered.  The 
problem  had,  therefore,  simply  been  shifted  into  modelling  the 
activity  coefficient. 

This  chapter  addresses  the  problem  of  calculating  eIC  with  the 
standard  state  to  be  the  pure  components  in  the  same  phase  at  the 
temperature  of  interest.  Four  different  methods  of  determining  0jq 
are  presented,  each  requiring  a different  data  base.  The  techniques 
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are  applied  to  the  Al-Sb,  Ga-Sb,  In-Sb,  Hg-Te,  and  Cd-Te  systems  and 
values  for  9jq  are  suggested.  In  addition,  the  effect  of  the  use  of 
a solution  model  on  the  calculation  of  ©jq  with  two  of  the  methods  is 
di scussed. 


3. 1 Theory 

3.1.1  Pressure  Dependence  of  ©jr. 

As  discussed  above,  the  standard  state  chemical  potential  of  a 
pure  substance  is  a function  of  both  temperature  and  pressure. 

Because  available  thermodynamic  data  are  generally  measured  at  some 
reference  pressure,  Pr  (usually  1 atm),  it  is  convenient  to  separate 
the  pressure  dependence  shown  in  Equation  (3-1)  as 

°IC(T,P)  = [v°’S(T,Pr)  - ti°J(T, Pr)  - (T,Pr)]/RT  + 

, P 

iff  [V°£S(T,P)  - V°-  (T,P)  - V°’'(T,P)]dP  (3-2) 

Pr 

where  is  the  molar  volume  of  pure  component  i in  phase  j.  The 

importance  of  this  last  term  is  not  expected  to  be  significant  at  low 

or  moderate  pressures  (p  < 100  atm)  since  the  molar  volume  of  a solid 
and  liquid  is  generally  small  in  magnitude  and  the  molar  volume 
difference  between  the  compound  and  the  two  pure  elements  is  usually 
even  smaller.  As  an  example,  this  last  term  in  Equation  (3-2)  has 

been  computed  for  GaSb,  InSb,  AlSb,  and  CdTe  at  40  and  100  atm  and  is 

listed  in  Table  3-1.  In  these  calculations,  the  molar  volumes  (88) 
were  assumed  to  be  independent  of  temperature  and  pressure.  The 
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Table  3-1.  The 

pressure  dependence 

• 

O 
►— « 

CD 

<4- 

O 

IC 

T(K) 

P-Pr (atm) 

0Ic(T»p)-0IC(T»Pr) 

Ojq(T  > P1" ) 

AlSb 

1073 

40 

0.0021 

-4.04 

1073 

100 

0.0052 

-4.04 

GaSb 

873 

40 

0.0018 

-3.06 

873 

100 

0.0044 

-3.06 

InSb 

773 

40 

0.0032 

-2.89 

773 

100 

0.0080 

-2.89 

CdTe 

873 

40 

0.0022 

-12.10 

873 

100 

0.0054 

-12.10 
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magnitude  of  the  pressure  dependent  term  is  compared  to  that  of  the 
first  term  in  the  right  hand  side  of  Equation  3-2  (determined  from 
the  first  method  described  below)  and  is  seen  to  be  considerably 
smaller  than  the  experimental  error  associated  with  calculating  the 
first  term.  It  is  thus  concluded  that  the  pressure  dependence  of 
eic(T.P)  can  be  neglected  for  the  systems  considered  here. 

3.1.2  Temperature  Dependence  of  0Tr 

With  the  reference  state  chosen  to  be  the  pure  component  at  the 
temperature  of  interest,  Qjq  is  simply  the  molar  Gibbs  energy  of  the 
solid  compound  IC  minus  the  molar  Gibbs  energy  of  each  liquid  element 
I and  C,  all  reduced  by  RT.  This  difference  can  be  determined  from  a 
variety  of  thermodynamic  sequences  for  which  thermodynamic 
information  is  available. 

One  such  sequence,  first  suggested  by  Wagner  (89)  and  applied  to 
group  III  — V binary  systems  by  Vieland  (90),  and  then  extended  to 
multicomponent  systems  by  Ilegems  (91),  is  shown  in  Figure  3-la.  In 
this  sequence,  the  solid  compound  IC  at  the  liquidus  temperature  of 
interest,  T,  is  first  raised  to  the  melting  temperature,  Tm,  and  then 
melted.  The  stoichiometric  liquid  is  then  subcooled  to  T and  finally 
separated  into  the  pure  liquid  elements.  This  sequence  (termed 
method  I)  results  in 


9 


I 

IC 


1 n [a j 1 (T)a^1 (T ) ] - 


AHf (IC) 
£ 


+ 


1 

■RT 


m 

/ / 

T T 


m AC  (IC) 
P 

r 


dT 


2 


(3-3) 
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Calculation  of  0 jq 


Sequence 


B|C  = f(T) 


Trr 


1C 


Melt 


T 


T I or  C 
i m 


(a 

) 

Melt 

1 1 
1 

solid  | 

separate 

1 

liquid  y 

solid  1C 


Elements 

(b) 


Liquid 

Elements 


melt 


1C 


separate 


1 m 


Solid  Ic 


Stoichiometric 

Liquid 


Liquid 

Elements 


(c) 


Figure  3-1.  Three  thermodynamic  sequences  for  calculation  of  the 
reduced  standard  state  chemical  potential  difference: 
(a)  method  I,  (b)  method  II,  and  (c)  method  III. 
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sl 

Here,  (T)  is  the  activity  of  component  i in  the  stoichiometric 
liquid  at  the  liquidus  temperature,  T,  AHf(lC)  is  the  molar  enthalpy 
of  fusion  of  the  compound  IC  at  the  melting  temperature,  Tm,  ACp ( I C ) 
is  the  molar  heat  capacity  difference  between  the  stoichiometric 
liquid  and  the  compound  IC,  and  R is  the  gas  constant.  This 
representation  suffers  the  draw  back  of  requiring  the  Gibbs  energy  of 

• • e 1 

mixing  and  Cp  for  the  stoichiometric  liquid  mixture  as  a function  of 
temperature  in  a range  for  which  it  is  not  stable  and  thus  generally 
not  observable.  When  Equation  (3-3)  is  combined  with  either  Equation 
(2-128)  or  (2-178)  for  the  binary  limit,  it  is  termed  the  "fusion 
equation"  for  the  liquidus  (54,89-92). 

In  applying  Equation  (3-3),  is  usually  extrapolated  from 
high  temperature  measurements  or  assumed  equal  to  Cp  of  the  compound 
IC  (usually  assume  ACp  = 0 or  constant)  while  the  activity  product, 
af 1 (T)aC] (T) » 1S  estimated  by  interjection  of  a solution  model  with 
the  parameters  estimated  from  phase  equilibrium  data  involving  the 
liquid  phase  (i.e.,  solid-liquid  or  vapor-liquid  equilibrium 
systems).  However,  this  can  produce  consideration  error, 
particularly  at  temperatures  well  removed  from  the  compound  melting- 
point  temperature.  In  addition  to  this  problem,  in  some  systems 
there  exists  a multiplicity  of  experimental  measurements  often 
exhibiting  marked  discrepancy. 

In  order  to  put  Equation  (3-3)  into  a more  convenient  form  in 
terms  of  the  available  data  base  the  activity  product  term  is 
expressed  in  terms  of  the  measurable  product  at  some  temperature,  T*, 
greater  than  or  equal  to  T and  corrected  to  the  temperature  of 
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interest  with  the  relatively  temperature  insensitive  enthalpy  of 
mixing,  AH^|X.  Equation  (3-3)  then  becomes 


ln[a^(T*)a^(T*)] 


T*  AH 


2 / 


si 

mix 


dT 


T RT 


AHf(IC)  1 
R (T  ' 


+ 


Tm  AC  (IC) 

/ -V-dT 

T 1 


(3-4) 


The  data  base  for  method  I is  seen  to  consist  of  the  measurable 
quantities  a f 1 (T*) , a^d*),  AHf(IC),  Tm,  and  Cp(  IC)  and  the 
extrapolated  quantities  AH^]X  and  Cj^  . It  is  noted  this  expression 
contains  liquid  mixture  information. 

A second  thermodynamic  sequence  useful  for  calculating  0jq  is 
depicted  in  Figure  3-lb  and  consists  of  performing  the  reverse  of  the 
direct  compound  formation  reaction  at  the  temperature  of  interest. 

If  the  elements  are  stable  liquids  at  this  temperature  the  Gibbs 
energy  of  formation  of  the  compound,  AG^(T) , is  proportional  to 
0jq.  However,  if  one  or  both  of  the  elements  are  solid  at  these 
conditions  the  following  sequence,  which  is  similar  to  that  applied 
to  the  compound  in  the  first  method,  is  performed:  the  solid  element 

is  raised  from  T to  the  element  melting  temperature,  T^,  melted,  and 
finally  subcooled  to  the  original  temperature  of  interest.  In  this 
case,  however,  the  process  is  carried  out  for  the  pure  element  rather 
than  the  stoichiometric  liquid.  The  resulting  expression  for  0jq 
(method  II)  is 
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AG“(T) 

RT 


E 

i=I, C 


K. 

AHf(i)(l 


-)  - 


T1  T1 

m m AC  (i ) 0 

I 1 -V-dT2] 

T T 1 


(3-5) 


where  Kn-  = 0 if  species  i is  a liquid  at  T and  = 1 if  species  i is 
a solid  at  T.  AH^(i)  is  the  enthalpy  of  fusion  of  species  i,  and 
ACp(i)  is  the  heat  capacity  difference  between  pure  liquid  and  solid 
element  i.  It  is  noted  that  if  the  pure  element  i is  a vapor  at  T 
the  ah f ( i ) and  ACp(i)  terms  indicate  the  vapor-liquid  transition. 

For  many  compounds  encountered  there  exist  a range  in  temperature  for 
which  K.j  = 0 for  both  elements  (e.g.,  AlSb,  GaSb)  and  therefore  Qjq 
is  directly  measurable.  Substitution  of  Equation  (3-5)  into 
Equations  (2-79)  and  (2-80)  results  in  the  "formation"  expression  for 
the  liquidus  (54,92-98).  The  data  required  for  method  II  are  the 
measurable  AG£(T)  and  possibly  measurable  AHf(i),  and  C*(i)  and  an 
extrapolated  Cp ( i ) . The  standard  Gibbs  energy  of  formation  can  be 
expressed  in  terms  of  the  standard  enthalpy  and  entropy  of  formation 
and  is  particularly  useful  for  pinning  down  the  values  of  0jq  at  low 
temperatures.  The  advantage  of  this  formulation  is  that 
thermodynamic  information  for  unstable  or  meta-stable  systems  is 
required  only  for  the  elements,  for  which  a better  estimate  can 
usually  be  made,  and  not  for  the  stoichiometric  liquid. 

The  third  sequence  is  shown  in  Figure  3-lc  and  is  different  from 
method  I in  that  the  pure  liquid  elements  are  separated  from  the 
stoichiometric  mixture  at  the  melting  temperature  and  not  the 
temperature  of  interest.  The  pure  liquid  elements  are  then  cooled 
back  to  the  original  temperature,  possibly  becoming  unstable  or 
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meta-stable.  The  expression  for  Qjq  for  method  III  is 


as-uc.y  r 


(3-6) 


where  a?1 (Tm)  is  the  activity  of  component  i in  the  stoichiometric 


liquid  at  compound  melting  point,  Tm,  AS£(IC,Tm)  is  the  standard 
entropy  of  formation  of  the  compound  IC  from  the  pure  liquid  elements 
at  the  melting  temperature,  and  ACp  is  the  heat  capacity  difference 
between  both  pure  liquids  and  the  solid  compound. 


As  in  the  case  of  method  I,  the  stoichiometric  activity  product  at 
melting  temperature  Tm  in  Equation  (3-6)  can  be  expressed  in  terms  of 
the  measured  quantities  af](T*),  a£](T*),  and  AH^]x.  If  the  elements 
are  a liquid  in  the  standard  state  specified  by  the  formation 
reaction,  the  Neumann-Kopp  rule  (99)  suggests  ACp  is  zero.  For  the 
standard  formation  reaction  in  which  = 0 at  the  compound  melting 
temperature  the  standard  entropy  of  formation  can  be  obtained  from 
the  temperature  derivative  of  ag^(T)  or,  often  more  accurately,  from 
a combination  of  the  absolute  values  for  AG^(Tm)  and  ( IC ,Tm) . For 
the  situation  in  which  = 1 at  Tm  the  value  of  the  natural  standard 
entropy  of  formation,  must  be  corrected  as 


ACp  = Cp(I)  + Cp(C)  - Cp(IC) 


(3-7) 
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AH.p  ( i ) AC  ( i ) 

^UC.y  = 4'SJdC.T,,)  - l K([-t-  ♦ I _ dT]  (3-81 

T 3-  > t 1 -T  "I 

m I 

m 

It  is  seen  that  AS|(IC,Tm)  is  independent  of  temperature  and  requires 
extrapolation  of  Cp(i)  only  over  a limited  temperature  range 
(T^,Tm).  The  data  base  for  the  application  of  Equation  (3-6)  is  the 
measurable  activity  product  at  the  melting  temperature,  Tm, 

ASf ( IC,Tm) (as  discussed  above),  Cp(IC)  and  Cp(I  or  C)  and  possibly  an 
extrapolation  Cp(I  or  C)  and  the  measurable  properties  Cp(I  or  C)  and 
AHf(I  or  C).  If  ACp(T)  function  is  known,  then  the  temperature 
dependence  is  explicit  in  Equation  (3-6).  This  has  modelling 
advantages.  Therefore,  the  advantage  of  method  III  lies  in  a 
separation  of  the  principle  temperature  dependence  and,  at  most, 
extrapolation  of  only  the  liquid  element  heat  capacity. 

A final  process  by  which  Qjq  can  be  directly  determined  from 
experimental  results  is  an  application  of  Equations  (2-59),  (2-61), 
(2-63),  and  (2-67).  In  its  simplest  form  of  the  binary  limit,  the 
result  is 

= ln[aI(T1,xJ)ac(T1,x1I)] 

1 t T1  [AHT(T,x])+AHr(T,x!)] 

= ln[aT  (T*,x!  )a~(T*,xl )]  - / i — dT  (3-9) 

T*  RTd 

where  a ^ (T*,xJ  )a(,(T*,xJ ) is  the  activity  product  at  some  measurement 
temperature,  T*,  and  the  liquidus  composition,  x|,  and  AH.(T,x|)  is 
the  relative  partical  molar  enthalpy  for  component  i at  the 
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temperature,  T,  and  the  liquidus  composition,  xj.  The  data  base 
required  for  this  final  procedure  is  the  measurable  phase  diagram  and 
the  activity  product  along  the  liquidus  line  (or  an  isothermal 
activity  product  and  the  liquid  phase  enthalpy  of  mixing).  In  order 
to  carry  out  the  integration  in  Equation  (3-9)  we  need  to  know  the 
equation  for  the  equilibrium  composition,  xj  = f(T)  (i.e.,  phase 
diagram),  and  also  the  relative  partial  molar  enthalpy  of  component  i 
(i  = I,C)  for  these  compositions.  The  disadvantage  of  this  equation 
in  practice  is  that  the  relative  partial  molar  enthalpies  which 
appear  in  the  integration  usually  are  not  experimentally  available, 
unlike  the  liquid  phase  integral  enthalpy  of  mixing.  As  seen,  this 
procedure  utilizes  binary  mixture  information  and  will  produce  two 
values  of  Qjq  at  each  liquidus  temperature,  one  from  each  side  of  the 
compound,  which  are  identical  given  a consistent  data  set.  In  the 
less  likely  event  that  multicomponent  data  are  available.  Equations 
(2-59),  (2-61),  (2-63),  and  (2-67)  can  be  solved  for  0^,  0AD,  0g£, 
and  0qq  simultaneously,  requiring  the  activity  and  relative  partial 
molar  enthalpy  of  each  component  in  the  liquid  and  solid. 

3.2  Results  and  Discussion 

The  above  four  procedures  were  applied  to  the  semiconductor 
compounds  Al-Sb,  Ga-Sb,  In-Sb,  Cd-Te  and  Hg-Te  as  these  systems  are 
relatively  well  characterized.  Indeed,  many  of  the  required 
thermodynamic  properties  have  been  investigated  by  several 
investigators  and  often  show  considerable  discrepancy.  A selected 
data  set  for  the  values  of  the  thermodynamic  properties  of  the 
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compounds  and  liquid  mixture  is  shown  in  Table  3-2,  while  Table  3-3 
summarizes  reported  measurements  of  AG^(T)  of  the  solid  compound 
IC.  The  selected  thermodynamic  properties  of  the  elements  are  given 
in  Table  3-4.  The  value  of  AS~(lC,Tm)  listed  in  Table  3-2  is  that 
either  directly  reported  or  calculated  from  Equation  (3-8)  and  the 
elemental  properties  listed  in  Table  3-4.  The  low  temperature  values 
of  ag£(T)  were  calculated  from  the  absolute  entropy  for  the  compound 
and  elements  and  calorimetric  values  of  AH£(IC,T).  The  activity  of 
Hg,  Cd,  and  Te  were  determined  from  vapor  pressure  measurements  and 
the  relation 


ajCT.P.Xj)  = [fj  (T.P.yj  ) /f ° ’ 9 (T , P ,y £ =l)]1/m  (3-10) 

m m m m 

where  f°’g(T,P,yI  =1)  is  the  fugacity  of  the  pure  species  I . The 
mm  m 

value  of  m was  unity  for  Cd  and  Hg  and  two  for  Te. 

The  solid  line  in  Figure  3-2  illustrates  the  results  of  using 

Method  I in  conjunction  with  the  selected  data  given  in  Tables  3-2 

and  3-4  for  the  In-Sb  system.  This  system  is  particularly 

instructive  in  that  a considerable  amount  of  experimental  information 

is  available.  For  purpose  of  comparison,  the  upper  and  lower 

experimental  bounds  of  Qj nSb  are  a^so  s^own*  The  upper  bound  was 

si  -1 

calculated  using  the  experimental  values  ah  = 2261  J.mol  (100), 

AH,(InSb)  = 37.67  kJ.mol"1  (101),  T (InSb)  = 794  K (102)  and  the 
r m 

remaining  properties  a^(973  K),  a^(973  K)  and  ACp(InSb)  was  listed 
in  Table  3-2.  The  lower  experimental  bound  consisted  of  the  data 


Table  3-2.  Selected  values  for  the  thermodynamic  properties  of  the  compound  IC  and  liquid  mixture. 
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Table  3-3. 

The  standard  Gibbs  energy 
IC,  *Gf(T). 

of  formation  of 

the  compound 

Ic 

^Gf (T) 

(kJ.mol  ) 

T (K) 

Reference 

AlSb 

-53.806  + 14.393T 

778-895 

(126) 

-65.019  + 26.861T 

663-889 

(127) 

-47.567 

298 

(99) 

-47.363 

298 

(128) 

-48.827 

298 

(129) 

GaSb 

-46.86  + 27.61T 

633-833 

(130) 

-50.292  + 30.88T 

673-823 

(131) 

-38.409 

298 

(102) 

InSb 

-35.221  + 25.54T 

298-798 

(104) 

-33.305  + 23.263T 

663-763 

(132) 

-37.656  + 28. 7T 

643-763 

(120) 

-34.141  + 25.47T 

663-763 

(133) 

-34.392  + 24.77T 

653-753 

(131) 

-15.146 

798 

(134) 

-24.099 

298 

(135) 

-26.275 

273 

(136) 

CdTe 

-125.62  + 43.287T 

298-1365 

(109,114,113) 

-128.344  + 44.864T 

594-1038 

(122,123) 

-125.26  + 41.145T 

633-710 

(137) 

-121.478  + 37.584T 

769-1010 

(138) 

-113.993  + 32.898T 

718-930 

(139) 

HgTe 

-58.295  + 39.905T 

778-943 

(109) 

Table  3-4.  Selected  values  for  the  thermodynamic  properties  of  the  elements. 
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Figure  3-2.  e|nSb  versus  reciprocal  temperature.  — , upper  and 

lower  bound;  , selected  property  values  listed  in 
Tables  3-2  and  3-4. 
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base:  aH*|x  = -3305  J.mor1  (141),  AHf(InSb)  = 51.04  kJ.mol'1 

(134,142),  Tm(InSb)  = 813  K (143),  a^(923  K)  = 0.2211  (144), 
aSb (923  K)  = 0.2594  (104)  and  ACp(InSb)  = 2.5  J.mol'V1  (145).  As 
can  be  seen,  this  procedure  shows  a small  range  in  the  experimental 
value  of  ©i nSb  ^or  temPerature  near  Tm(InSb),  but  at  lower 
temperatures  a large  range  exists.  This  is  not  unexpected  since  in 
Equation  (3-3)  the  last  two  terms  are  zero  at  Tm(InSb)  and  reflects  a 
somewhat  consistent  activity  data  set  while  for  decreasing 
temperature  the  experimentally  inaccessible  stoichiometric  liquid 
properties  increase  in  importance  and  are  sensitive  to  the 
extrapolation  procedure.  These  errors  are  serious  with  respect  to 
Equations  (2-59),  (2-61),  (2-63),  and  (2-67)  when  used  to  calculate 
the  phase  diagram  since  Gjq  appears  as  the  argument  of  an 
exponential . 

There  have  been  four  direct  high  temperature  e.m.f.  determi- 
nations of  AG|(InSb,T)  using  a molten  salt  electrolyte  (106-109). 
Shown  in  Figure  3-3  are  the  values  of  e{JSb  calculated  with  method  II 
and  AG|(InSb,T)  results  ( 120, 131, 133 )( the  results  of  (132)  are  nearly 
identical  with  (131)).  Also  shown  are  the  values  of  ^Sb  calcu1ate(l 
with  the  low  temperature  calorimetric  determinations  of  AH^(InSb) 
(134,136,146)  and  the  absolute  entropy  for  the  elements  (118)  and 
compound  (111).  These  results  are  seen  to  be  consistent  with  9{nsb 
and  the  selected  property  values.  The  method  is  particularly  useful 
in  the  range  of  temperature  accessible  with  galvanic  cells  or 
calorimetry  (allows  the  room  temperature  value  of  to  be  “pinned 

down").  In  addition  a better  estimate  of  aC  (I)  was  available  and, 
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Figure  3-3.  9|^Sb  versus  reciprocal  temperature.  — , AG£(InSb,T) 

of  (133);  — , AG°(inSb,T)  of  (131);  ...,  AG“(lnSb,T)  of 
(120);  A and  0>  ah°  (InSb,  298  K)  of  (134);  □, 

AHJ(InSb,  298  K)  of  (136); ©,  AH°(inSb,  273  K)  of  (146). 
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furthermore,  was  nearer  zero  (the  Ac  (I)  term  in  Equation  (3-5) 
accounted  for  only  0.52  of  the  value  of  0}nSb(298  K)  compared  to  that 
of  the  selected  value). 

Shown  in  Figure  3-4  is  the  result  for  method  III.  The  upper  and 
lower  experimental  bounds  are  also  depicted  in  Figure  3-4  and  used 
the  same  activity  product  and  Tm(InSb)  as  for  determining  the  bounds 
in  Figure  3-2.  The  standard  entropy  of  formation  of  InSb  from  the 
liquid  elements  at  Tm(InSb)  was  calculated  from  AH°(inSb,  750  K ) ( 147 ) 
and  AG^(InSb,  798  K ) ( 135 ) for  the  upper  bound  while  the  lower  bound 
employed  the  calorimetric  value  for  AH°(inSb,  723  K) ( 121)  and  the 
standard  Gibbs  energy  given  in  (133).  The  heat  capacity  for  solid 
InSb  of  (147)  and  (148)  was  used  for  the  upper  and  lower  bound, 
respectively,  along  with  the  elemental  properties  given  in  Table 
3-4.  The  dominant  term  in  this  calculation  is  the  first  one  in 
Equation  (3-6).  Indeed,  it  is  the  only  term  in  the  limit  of 
T = Tm( InSb ) . Uncertainty  in  the  activity  product  at  the  melting 
temperature  gives  rise  to  increasing  uncertainty  in  9jq  as  the 
temperature  is  lowered.  However,  this  procedure  is  expected  to  be 
superior  to  method  I given  an  activity  measurement  and  equal 
uncertainty  in  AH^(IC)  and  AS£(ic,Tm)  since  the  required  heat 
capacities  will  generally  be  better  defined  and  method  I includes  the 
uncertainties  in  the  extrapolated  activity  product. 

Finally,  the  reduced  standard  state  chemical  potential  change 
was  calculated  from  the  reported  phase  diagram  (112)  and  enthalpy  of 
mixing  (108)  at  the  compositions  for  the  available  activity 
measurements  (104,140,149).  The  results  are  summarized  in  Table  3-5. 
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Figure  3-4.  0^^  versus  reciprocal  temperature.  — , upper  and 

lower  bound;  , selected  property  values  listed  in 
Tables  3-2  and  3-4. 


Table  3-5.  Summary  of  values  calculated  by  method  [IY]*  and  by  methods  [I],  [II]  and  [III]  with 

the  selected  properties. 
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It  is  seen  that  the  results  of  (104)  and  (148)  are  consistent  with 
the  selected  value  of  9InSb  calculated  by  methods  I,  II,  and  III. 

As  another  example,  the  Ga-Sb  system  was  investigated  with  the 

four  methods.  Shown  in  Figure  3-5  are  the  upper  and  lower 

experimental  bounds  found  with  methods  I and  III  and  the  selected 

experimental  values  found  with  methods  II  and  IV.  For  method  I the 

upper  bound  used  a^(1003  K)a^(1003  K)  = 0.1339  (105),  Tm(GaSb)  = 

975  K (149),  AHf (GaSb)  = 50.21  kJ.mol"1  (134),  AHsl.  = -854  J.mol"1 
• mi  x 

(150),  and  ACp(GaSb)  = 5.699  J.mol  1 (111)  while  the  lower  bound 
employed  a^(1003  K)a^(1003  K)  = 0.0293  (151),  Tm(GaSb)  = 998  K 
(152),  AHf (GaSb)  = 66.94  kJ.mol"1  (144),  AH*]X  = 1071  J.mol"1  (107) 
and  ACp(GaSb)  = 2.895  J.mol  ^ 1 (144).  For  method  III  the  upper 
bound  combined  AH  ° (GaSb,  750  K),  AG°(GaSb,  750  K)  (153)  and  the 
elemental  data  listed  in  Table  3-4  to  yield  AS°(GaSb,Tm)  = 

-23.24  J.mol ~1K~1  and  used  ACp  = 3.24  - 9.29X10"4  T J.mol"^"1. 

The  lower  bound  employed  AS°(GaSb,Tm)  = -28.16  J.mol "1K"1  and 
ACp  = 33.35  - 21.6821  log(T)  J.mol_1K_1  (118,147).  For  method  II  the 
high  temperature  e.m.f.  results  of  AG£(GaSb,T)  from  (130),  and  the 
low  temperature  results  of  aG£ (GaSb,  298  K)  from  (102)  were  used  in 
conjunction  with  the  elemental  properties  listed  in  Table  3-5. 
Finally,  the  fourth  procedure  used  the  interpolated  phase  diagram  of 
(154)  and  enthalpy  of  mixing  results  of  (155)  along  with  the  Ga 
activity  measurements  of  (105).  Again,  there  exists  a large 
variation  in  the  available  ®Qasb  assignments  though  an  examination  of 
the  results  of  all  four  procedures  suggests  an  appropriate 
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Figure  3-5.  ©GaSb  versus  reciprocal  temperature.  — , upper  and 

lower  bound,  method  I;  ....  AG°(GaSb,T)  of  (130), 
method  II;  o.  Ref.  (146,153);  A,  Ref.  (131), 

method  II; , upper  and  lower  bound,  method  III; 

a,  Ref.  (105,154,155),  method  IV;  , 
selected  0.  . 
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temperature  dependence  of  eGastr  This  selected  value  is  shown  in  the 
solid  line  in  Figure  3-5. 

Assuming  the  following  form  for  the  temperature  dependence  of 
ACP 


= dx  + d2T  + d3/T2 


(3-10) 


and  for  ah  . 

mix 


<x  = A + BT 


(3-11) 


the  expression  for  0jq  with  the  first  three  methods  can  be  shown  to 
have  the  functionality 


®IC  = C0  + C1T  + C2/T  + C3/T  + C4  1nT  (3-12) 

The  dominant  terms  in  this  expression  are  the  first  and  third  terms 
with  the  remaining  terms  reflecting  the  magnitude  of  ACp.  Listed  in 
Table  3-6  are  the  values  of  the  constant  Cg_^  suggested  by  analysis 
of  the  available  data  when  comparing  the  four  calculational 
procedures.  These  selected  Qjg  values  are  adopted  in  the  calculation 
of  phase  diagrams  in  this  work. 

The  four  procedures  discussed  in  this  chapter  are 
thermodynamically  equivalent  and,  therefore,  are  useful  in  performing 
consistency  tests  on  available  data  sets.  As  an  example,  the 
consistency  of  Ga  (104)  and  In  (105)  activity  measurements  with  the 
reported  phase  diagram  and  the  enthalpy  of  mixing  in  liquid  solution 


79 


Table  3-6.  Suggested  values  of  the  constants  for  calculating  0jq. 


AlSb 

GaSb 

InSb 

CdTe 

HgTe 

C0 

-5.481 

+5.37 

-5.724 

-6.334 

-12.34 

qxlO3 

-0.513 

0 

-0.706 

-1.142 

-1.510 

C2 

-9,177 

-7,950 

-5,902 

-14,930 

-5,534 

C3 

0 0 

0 

44,290 

0 

C4 

1.522 

0.1 

1.656 

1.787 

2.436 
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with  Sb  (method  IV)  were  compared  with  the  available  data  sets 
required  in  methods  I and  II.  In  particular,  the  comparison  with 
method  II  proved  to  be  sensitive  since  the  partial  molar  solution 
properties  are  required  relative  to  the  pure  components  rather  than 
to  the  stoichiometric  liquid. 

As  mentioned  above,  the  Vieland's  equation  (method  I)  in  con- 
junction with  a solution  model  to  represent  the  stoichiometric  liquid 
activity  coefficients  has  been  used  exclusively  in  the  literature. 

In  order  to  investigate  the  effect  of  the  use  of  a solution  model  on 
the  calculation  of  ©jq,  the  NRTL  equation  and  simple  solution  model 
were  used  with  either  Equation  (3-3)  or  Equation  (3-6)  to  fit  data 
sets  consisting  of  the  liquidus  temperature  alone,  liquidus 
temperature  and  activity  (103),  liquidus  temperature  and  enthalpy  of 
mixing  (103),  and  all  three  types  of  data  combined.  The  liquidus 
data  used  here  are  the  same  as  those  used  in  Chapter  IV.  With  the 
parameters  determined  from  the  fit,  values  of  ©IC  as  a function  of 
temperature  can  be  calculated  and  compared  with  the  recommended 
values  listed  in  Table  3-6. 

Shown  in  Figure  3-6  are  the  results  obtained  with  the  use  of  the 
NRTL  equation  with  method  I for  the  Al-Sb  system.  The  nonrandomness 
parameter,  ajQ,  was  considered  a variable  in  each  of  the  fits. 
Examination  of  the  results  for  the  fit  of  the  liquidus  temperature 
alone  (usual  procedure)  indicates  that  both  the  activity  product  at 
the  melting  temperature  and  the  temperature  dependence  of  0jq  are 
represented  rather  poorly,  with  the  discrepancy  increasing  as  the 
temperature  decreases.  This  is  not  surprising  since  this  result 
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Figure  3-6.  0*1Sb  versus  reciprocal  temperature,  as  calculated  by 

the  NRTL  equation  with  method  I:  , recommended 

value;  — , liquidus  alone; , liquidus  and 

activity;  liquidus  and  enthalpy  of  mixing; , 

combined  data  set. 
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reflects  the  nature  of  Equation  (3-3),  indicating  that  a solution 
model  is  required  to  represent  activity  coefficients  for  a 
stoichiometric  liquid,  which  is  unstable  (or  at  best  meta-stable)  for 
temperatures  below  the  solid  compound  melting  point. 

The  results  for  the  data  base  consisting  of  the  liquidus  along 
with  the  isothermal  activity  or  with  the  enthalpy  of  mixing  give 
significant  improvement  over  the  higher  temperature  range,  but  the 
results  again  become  poor  as  the  temperature  is  decreased.  It  is 
only  for  the  case  of  the  combined  data  set  of  the  liquidus,  activity, 
and  enthalpy  of  mixing  that  the  calculated  values  of  0IC  agree  well 
with  the  suggested  values  over  the  entire  temperature  range. 
Therefore,  it  would  be  possible  with  the  complete  data  set  (if  the 
correct  T-X  data  are  available)  to  calculate  the  values  of  0IC 
without  the  use  of  a solution  model  at  all. 

Figure  3-7  shows  the  results  obtained  with  the  use  of  the  simple 
solution  model  along  with  method  I for  the  Al-Sb  system.  The  same 
general  observations  made  for  the  NRTL  equation  hold  for  the  simple 
solution  model  as  well.  The  discrepancy  between  the  calculated  and 
recommended  values  is  larger  in  some  cases  than  that  for  the  NRTL 
equation;  this  is  apparently  due  to  the  inability  of  the  simple 
solution  model  to  represent  the  asymmetric  thermodynamic  property 
values. 

The  results  of  the  use  of  the  NRTL  equation  with  method  III  are 
shown  in  Figure  3-8  for  the  Al-Sb  system.  Once  again  the 
nonrandomness  parameter  was  considered  as  a variable  for  the 
calculation.  The  results  with  the  various  data  bases  show 
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Figure  3-7.  0^^  versus  reciprocal  temperature,  as  calculated  by 

the  simple  solution  model  with  method  I:  ....  combined 

data  set;  — , liquidus  alone, , liquidus  and 

activity; , liquidus  and  enthalpy  of  mixing;  , 

recommended  value. 


AlSb 


84 


T(K) 


Tm  1000  700  500  400  300 


1 04/t(k) 


Figure  3-8. 


0 AT Sb  versus  reciprocal  temperature,  as  calculated  by 

the  NRTL  equation  with  method  III: , combined  data 

set;  — , liquidus  alone;  ....  liquidus  and  activity; 

— , liquidus  and  enthalpy  of  mixing;  , recommended 

value. 
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approximately  the  correct  slope  while  the  main  differences  appear  in 
the  activity  product  at  the  melting  temperature.  Those  data  sets 
with  the  isothermal  activity  measurements  included  provide  better 
estimates  of  0jq  at  the  melting  point  than  when  these  data  are  not 
included.  The  results  for  the  case  of  the  data  set  of  the  liquidus 
alone  again  show  that  both  the  activity  product  at  the  melting 
temperature  and  the  temperature  dependence  of  0jq  are  represented 
rather  poorly.  The  difference  between  any  (except  liquidus  alone)  of 
the  calculated  values  and  the  recommended  values  is  small,  however, 
when  compared  with  the  differences  found  with  method  I.  In  addition, 
the  temperature  dependence  of  the  calculated  0jq  is  approximately 
correct  with  any  (except  liquidus  alone)  of  the  data  sets.  This 
result  reflects  the  fact  that  Equation  (3-6),  in  which  the 
temperature  dependence  is  explicit,  requires  the  calculation  of  the 
stoichiometric  liquid  activity  coefficients  only  at  the  solid 
compound  melting  temperature. 

Shown  in  Figure  3-9  are  the  results  obtained  with  the  use  of  the 
simple  solution  model  along  with  method  III  for  the  Al-Sb  system. 

Once  again,  the  slope  of  0jq  versus  the  reciprocal  temperature  is 
approximately  correct  for  any  (except  liquidus  alone)  of  the  data 
bases.  Also,  only  those  sets  which  contain  isothermal  activity 
measurements  provide  accurate  values  of  the  activity  product  at  the 
melting  temperature.  As  seen,  the  data  set  consisting  of  the 
liquidus  temperature  and  enthalpy  of  mixing  also  gives  good 
results.  The  discrepancy  between  the  calculated  and  recommended 
values  is  not  as  large  in  some  cases  as  for  the  NRTL  equation;  this 
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Figure  3-9.  0^5  versus  reciprocal  temperature,  as  calculated  by 

the  simple  solution  model  with  method  III: , 

combined  data  set;  — , liquidus  alone; , liquidus 

and  activity;  ....  liquidus  and  enthalpy  of  mixing; 
, recommended  value. 
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is  probably  due  to  the  explicit  temperature  dependence  in  9jq  or  the 
smaller  number  of  adjustable  parameters  in  the  model. 

There  are  two  important  features  to  notice  about  Figures  3-6 
through  3-9.  The  first  is  that  at  the  compound  melting  temperature, 
T_,  both  Equation  (3-3)  and  Equation  (3-6)  both  reduce  to  the 
following  expression: 


w -i"t.;1cTX1(v]  (3-i3) 

It  is,  therefore,  apparent  that  the  disagreement  between  the 
calculated  and  suggested  values  of  Gjq  at  the  compound  melting 
temperature  are  due  to  the  model's  incorrect  representation  of  the 
stoichiometric  liquid  activity  coefficient.  It  is  also  noted  that  at 
the  compound  melting  point  the  value  of  0IC,  calculated  with  the  same 
solution  model  but  different  methods,  can  be  different  due  to 
different  functionality,  which  affects  the  solution  parameters 
determined  from  the  fit,  of  the  above  three  methods.  The  second 
feature  is  that  the  correct  slope  in  the  calculation  of  0jq  versus 
the  reciprocal  temperature  seems  to  depend  on  the  method  of 
calculation  of  0jq  rather  than  on  the  model  used  in  the  calculation. 

Shown  in  Figure  3-10  is  a good  example  for  comparison  between 
the  recommended  value  of  0jq  for  the  Al-Sb  system  and  the  value 
calculated  by  the  simple  solution  model  parameters  (all  other  data  as 
in  Table  3-2  and  3-4)  with  method  I obtained  by  several  previous 
investigators.  It  is  seen  that  widespread  discrepancy  exists  among 
these  results.  As  mentioned  above,  this  is  mainly  due  to  the 
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Figure  3-10.  0^-,Sb  versus  reciprocal  temperature:  , selected 

property  values  listed  in  Tables  3-2  and  3-4; , 

Ref.  (19);  ....  Ref.  (18); , Ref.  (16);  — , 

(39). 
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inability  of  the  solution  model  to  represent  the  stoichiometric 
liquid  activity  coefficients  for  temperatures  which  are  several 
hundred  degrees  below  the  compound  melting  point. 

In  summary,  four  different  methods  for  calculating  the  reduced 
standard  state  chemical  potential  change  have  been  suggested.  For 
systems  with  extensive  data  bases  these  methods  provide  a means  of 
testing  their  consistency  with  one  method  possibly  being  more 
reliable  than  the  other  methods  for  a given  temperature  range.  These 
procedures  have  been  applied  to  the  Al-Sb,  Ga-Sb,  In-Sb,  Cd-Te,  and 
Hg-Te  systems  with  reliable  estimates  for  9jq(T)  suggested.  Also, 
the  goodness  of  the  use  of  solution  models  on  the  calculation  of  9jq 
with  method  I and  method  III  has  been  compared  and  tested  for  the 
Al-Sb  system.  This  comparison  is  particularly  important  when  the 
complete  data  base  is  not  available.  It  was  shown  that  serious 
errors  may  result  from  the  use  of  method  I,  particularly  as  the 
temperature  is  well  removed  from  the  compound  melting  temperature. 
These  errors  would  expect  to  be  even  more  serious  in  some  III -V 
systems,  e.g.,  Ga-As  system,  in  which  the  compound  melting  point  is 
much  higher  than  the  pure  element  melting  point.  The  errors  mainly 
resulted  from  an  incorrect  representation  of  the  stoichiometric 
liquid  activity  product.  The  calculated  temperature  dependence  was 
found  to  be  approximately  correct  for  any  data  base  (except  liquidus 
data  alone)  with  the  use  of  method  III,  however.  The  dominant  error 
in  this  formalism  was  in  the  value  of  Qjq  calculated  at  the  melting 
point.  Inclusion  of  isothermal  activity  data  served  to  pin  down  the 
value  of  the  stoichiometric  activity  product  at  the  melting  point  and 
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thus  ensured  a good  representation  of  over  the  entire  temperature 
range.  Method  II  is  insensitive  to  the  required  experimental  data 
base  and  thus  the  superior  technique  for  calculating  0jq.  With  this 
method  of  calculating  0jq,  however,  one  only  has  a direct 
experimental  determination  for  some  compounds  over  a limited 
temperature  range  (usually  intermediate  temperature  range).  This 
method  is  particularly  useful  in  the  low  temperature  range,  in  which 
the  galvanic  cell  or  calorimetric  results  are  available  and  allow  the 
room  temperature  value  of  0jq  to  be  pinned  down. 


CHAPTER  IV 

THERMODYNAMICS  OF  BINARY  SYSTEMS 


In  Chapter  II,  a general  formalism  for  the  calculation  of 
multicomponent  phase  diagrams  was  derived.  It  is  emphasized  again 
that  predictive  advantages  are  derived  by  splitting  the  phase  diagram 
calculation  into  the  two  terms  0jq  and  r jq ; terms  that  can  be 
calculated  from  available  binary  thermodynamic  data.  In  the 
preceding  chapter,  four  methods  for  calculation  of  0jq  were 
considered;  the  selected  values  of  0jq  adopted  in  this  work  are  given 
in  Table  3-6.  The  practical  calculation  of  the  term  Tjq  necessarily 
involves  solution  models  that  are  used  to  represent  the  component 
activity  coefficients  in  each  phase.  As  Tjq  expresses  the  ratio  of 
the  deviation  from  ideality  in  the  liquid  phase  to  that  in  the  solid 
phase,  it  is  not  possible  to  characterize  the  characterisi tics  (e.g., 
magnitude,  positive  or  negative  deviation)  of  an  individual  phase 
from  a given  r j q value.  However,  consideration  of  binary  solid- 
liquid  equilibrium,  in  which  the  solid  phase  consists  of  pure 
component  IC,  allows  attention  to  be  focused  on  the  binary  liquid 
phase  nonidealities  only. 

This  chapter  assesses  the  thermochemistry  and  phase  diagrams  of 
three  III  — V (Al-Sb,  Ga-Sb,  and  In-Sb)  and  three  1 1 1 —1 1 1 * (Al-Ga, 
Ga-In,  and  Al-In)  binary  systems.  All  the  III -V  binary  systems  show 
a similar  type  of  phase  field  as  is  plotted  in  Figure  1-2.  The  solid 
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phase  is  characterized  by  an  equimolar  compound  (congruently  melting) 
and  shows  a negligible  range  of  stoichiometry.  The  melting 
temperature  of  the  compound  is  higher  than  that  of  the  elements 
(except  for  the  Sb-InSb  case).  The  systems  also  exhibit  nearly 
degenerate  eutectics  that  are  usually  located  close  to  the  poure 
components.  The  III-III'  systems  studied  here  form  either  eutectic 
(AT -Ga  and  Ga-In)  or  monotectic  (Al-In)  type  phase  diagrams.  The 
eutectic  alloys  have  eutectic  compositions  that  are  very  close  to 
pure  Ga  (nearly  degenerate)  and  one  solid  phase  shows  negligible 
solubility  of  the  other  component.  The  monotectic  alloy  is 
characterized  by  a liquid  miscibility  gap  and  the  monotectic  reaction 
involves  the  decomposition  of  a liquid  phase  into  a solid  phase 
and  a second  liquid  phase  L2  according  to  L-^  -*■  + l^.  The  second 

liquid  phase  L2,  which  is  immiscible  in  the  original  melt  L^, 
subsequently  solidifies  at  a temperature  T$  below  that  of  the 
monotectic  reaction  temperature  Tm. 

In  this  chapter,  a consistent  model  representation  of  the 
available  thermodynamic  properties  as  well  as  the  phase  diagram  in 
conjunction  with  the  selected  ejr  values  is  discussed.  The  ability 
of  several  solution  models  to  represent  both  liquid  and  solid  phases 
nonidealities  are  addressed.  A number  of  the  solution  models 
mentioned  in  Chapter  1 as  well  as  several  of  the  local  composition 
models  are  considered.  The  binary  data  sets,  as  well  as  the  problems 
associated  with  cross-prediction  based  on  different  data  sets,  are 
also  discussed.  In  addition,  an  improvement  has  been  made  in  the 
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procedure  for  calculating  the  liquidus  curve  from  a fit  of  individual 
or  combined  data  set  of  enthalpy  of  mixing  and  activity  data. 


4.1  Theory 

The  working  equations  for  the  binary  III-V  solid-liquid 
equilibria  are  given  by  either  Equation  (2-91)  and  repeated  below 

Xjd-Xj)  = exp(eISb)/risb  » I = Al,  Ga,  In  (2-91) 


uhere  rISb  - Vsb- 

For  a binary  A-B  eutectic  system  (e.g.,  Al-Ga,  In-Ga),  the 
conditions  of  solid-liquid  equilibrium  are  given  by 


TS  = T1  = T 

(4-1) 

PS  = P1  = P 

(4-2) 

uj|(T,P.x|)  = uJ(T,P,xJ) 

(4-3) 

Ug(T,P,Xg)  = Ug(T,P,Xg) 

(4-4) 

where,  at  temperature  T and  pressure  P,  the  solid  phase  with  mole 
s 

fraction  Xg  of  the  B constituent  is  in  equilibrium  with  the  liquid 

phase  with  mole  fraction  Xg  of  the  3 constituent  (as  usual, 
s si  1 

xA  = 1 - Xg  and  x^  = 1 - Xg).  After  substituting  the  chemical 
potential  defined  by  Equation  (2-11)  into  Equations  (4-3)  and  (4-4) 
and  rearranging,  the  following  expressions  are  obtained: 
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1 - rBexp(-0B) 


1 _ 

XA  ' rAexp(-0A)  - rBexp(-eB) 


and 


s 

X = 

a 


1 - -p—  exp(0g) 


i-exp(eA>  -i-exp(9B) 


where  0^  and  r-j  are  defined  by  the  expression 


(4-5) 


(4-6) 


o,s 


o,l 


9i  5 


RT 


i = A,  B 


(4-7) 


and 


(4-3) 


As  shown  above,  the  0^  and  terms  again  represent  the  reduced 
standard  state  chemical  potential  difference  and  the  ratio  of  liquid 
to  solid  phase  activity  coefficients,  but  they  are  now  defined  in 
terms  of  properties  for  only  component  i. 

Choosing  the  standard  state  as  the  pure  component  in  the  state 
indicated  by  the  superscript  at  the  temperature  and  pressure  of 
interest,  values  for  0^  can  be  calculated  from  the  following 


expression: 
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AH 


e.(T) 


fji 


T1  T1 
m m AC 


m 


I)  + i_  / f _£. 

J>  + RT  JT  JT  r 


dr 


(4-9) 


where  AHj:  is  the  enthalpy  of  fusion  of  pure  component  i,  T ^ is  the 
melting-point  temperature  of  pure  component  i,  and  ACp  is  the 
difference  in  heat  capacity  between  pure  liquid  i and  solid  i.  Upon 
inserting  the  selected  values  for  these  properties  listed  in  Table 
3-4,  expressions  for  0.j  are  found  to  be 


©A1  = -5.355  - 7.448X10~4T  - 969.4/T  + 1.037  InT  (4-10) 

0^  = 0.664  - 501. 7/T  + 0.2315  InT  (4-11) 

and  9In  = -5.389  - 1.138X10~3T  - 159-8/T  + 1.0307  InT  (4-12) 

where  T is  the  absolute  temperature  (K).  These  values  along  with  the 
selected  values  of  Ojq  listed  in  Table  3-4  are  used  in  subsequent 
calculations  of  the  phase  diagrams  and  in  the  estimation  of  solution 
parameters  from  liquidus  and  solidus  data. 

Considering  the  case  of  negligible  solid  solubility  in  component 
i,  the  working  equations  expressing  either  pure  solid  A or  B in 
equilibrium  with  the  liquid  solution  are  given  by 


(4-13) 


Upon  substituting  the  liquid  chemical  potential  defined  by  Equation 
(2-11)  into  above  equation  and  rearranging  the  expression,  we  obtain 
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In  a | = 9.  i = A or  B (4-14) 

Here  9.  is  defined  by  Equation  (4-7).  Equation  (4-14)  gives  the 
value  of  the  activity  of  component  i along  the  liquidus  curve  from 
pure  i to  the  eutectic  composition.  Usually  the  value  of  the 
activity  of  component  i at  the  eutectic  composition.  In  a](xe,Te)  = 
®-j(Te),  is  used  as  the  boundary  condition  for  integration  of 


3lna| 

~W~ 


or 


3lna] 


from  which  the  activity  a](x],T^)  of  component  i in  the  liquid  phase 
on  the  liquidus  line  can  be  calculated. 

For  the  case  of  the  binary  Al-In  liquid-liquid  equilibria,  the 
activities  of  each  constituent  in  the  two  phases  are  equal 


X1  Y1 
A1  A1 


xnYn 
A1  A1 


xt  tt 
In  In 


X 1 1 Y1 1 

In  In 


(4-15) 


(4-15) 


where  xj  and  xj1  are  the  molar  fractions  of  the  constituent  i(i  = A1 

or  In)  in  the  two  phases  and  y|  and  y|*  are  the  activity  coefficients 

defined  by  a solution  model.  Note  that  the  sum  of  the  molar 

fractions  must  equal  unity  in  each  phase  (i.e.,  x! . + xl  =1  and 

Al  In 

XA1  + xIn  = A^‘tar  rearranging  Equations  (4-15)  and  (4-16)  the 
following  expressions  are  obtained: 
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and 


, A = Al,  B = In 


where  T-  is  defined  by  the  expression 


(4-17) 


(4-18) 


Fi 


, i = Al,  In 


(4-19) 


It  is  apparent  that  Equations  (4-17)  and  (4-18)  are  the  same  as 
Equations  (4-5)  and  (4-6)  with  = 0 and  defined  by  Equation 
(4-19).  Equations  (2-91),  (4-5),  (4-6),  (4-14),  (4-17),  and  (4-18) 
express  the  basic  equilibrium  conditions  for  group  III-V  and  1 1 1 -1 1 1 * 
binary  systems  and  are  used  in  these  studies. 


4.2  Solution  Models 

In  this  section,  several  solution  models  for  predicting 
thermodynamic  properties  of  liquid  mixtures  are  briefly  reviewed. 
These  include  the  regular  solution  theory  of  Hildebrand 
(156,157,153),  the  equation  of  Scatchard  and  Hamer  (159,160),  the 
quasichemical  equation  of  Guggenheim  (161),  Jordan's  regular 
associated  solution  model  (64),  and  several  of  the  local  composition 
correlations  (Wilson  equation  (162),  the  Non-Random  Two-Liquid  (NRTL) 
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theory  (163)  and  the  universal  quasichemical  (UNI QU AC ) expressions 
(164)).  If  the  models  are  physically  significant,  it  should  be 
possible  to  obtained  other  meaningful  thermodynamic  properties  from 
the  expression  for  the  excess  molar  Gibbs  energy,  Gxs: 


iXS  3(M  GXS/RT) 

'nri  'nrrs  [ Snj  ]P.T,{nJj6i} 

. GXS  " ..  r3(GXS/RT)1 

-RT  -,.=1XkL  9xk  JT,Mx1iik} 


(4-20) 


and 


• i.m  _ _2r3(GXS/RT), 

4H  - -RT  C gy -]p>{x} 


(4-21) 


— x s 

where  g^  is  the  partial  excess  molar  free  energy  of  component  i.  In 
addition,  the  relationship  between  excess  molar  free  energy  and 
excess  molar  enthalpy  and  entropy  is  expressed  as 


GXS  = AHm  - TSXS  = Z x. (HXS  - TSXS)  (4-22) 

i=l  1 1 1 

Hence,  a model  for  excess  enthalpy,  entropy,  and  activity 
coefficients  can  immediately  be  obtained  for  any  model  for  Gxs. 

Thus,  the  excess  molar  Gibbs  energy,  Gxs,  implicitly  represents  the 
complete  thermodynamic  property  information.  A summary  of  the  model 
equations  considered  for  the  excess  molar  Gibbs  free  energy  of  a 
binary  I-C  liquid  mixture  is  listed  in  Table  4-1,  while  the  resulting 
expressions  for  the  activity  coefficients  and  enthalpy  of  mixing  are 


Table  4-1.  Model  equations  for  the  excess  molar  Gibbs  free  energy  of  a binary  I-C  liquid  mixture. 
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given  in  Table  4-2  and  Table  4-3,  respectively.  Shown  in  Table  4-4 
are  the  solution  model  equations  considered  for  the  excess  molar 
Gibbs  free  energy,  activity  coefficients,  and  enthalpy  of  mixing  of  a 
binary  I-C  solid  solution.  The  notations  used  in  the  above  tables 
are  the  same  as  those  used  in  the  following  discussion. 

The  concept  of  a regular  liquid  or  solid  solution  was  first 
introduced  by  Hildebrand  (156-158)  to  describe  mixtures,  whose 
behavior  show  some  experimental  regulari ties.  The  theory  is  based  on 
three  simple  assumptions:  (1)  All  species  are  located  at  points  on  a 

lattice;  (2)  All  interactions  in  the  solution  are  between  nearest 
neighbor  paris;  (3)  The  configuration  of  the  species  is  random.  The 
expression  for  the  excess  Gibbs  energy  contains  one  adjustable 
parameter,  the  interchange  energy  w = a,  which  is  strictly  a 
constant.  Therefore,  the  excess  entropy  is  zero  and  the  entropy  of 
(strictly)  regular  solutions  is  identical  to  that  of  ideal  solutions, 
in  which  the  molecules  are  randomly  mixed.  This  is  in  contrast  to  an 
athermal  solution,  for  which  the  interchange  energy  is  proportional 
to  the  temperature,  i.e.,  w = bT,  and  thus  the  excess  enthalpy  is 
zero.  In  practical  applications,  w is  empirically  allowed  to  be  a 
linear  function  of  temperature,  w = a + bT.  With  this  approximation 
the  expression  for  the  excess  Gibbs  free  energy  is  termed  a simple 
solution.  Because  of  its  simplicity  and  ability  to  model  many  III  — V 
systems  well,  the  simple  solution  model  is  widely  used  in  practice. 

Guggenheim  (161)  presents  the  quasichemical  equilibrium  model 
(higher  approximations  of  the  lattice  model)  to  improve  the  "random 
distribution"  assumption  in  the  lattice  (or  "strictly  regular") 


Table  4-2.  Model  equations  for  the  activity  coefficients  of  a binary  I-C  liquid  mixture. 
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The  activity  coefficient  for  species  C is  found  by  interchanging  the  subscripts  I and  C in  each  model 
equation  (Equation  (4-30)  to  Equation  (4-36)). 
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Table  4-4.  The  excess  molar  Gibbs  free  energy,  activity 

coefficients,  and  enthalpy  of  mixing  for  a binary  I-C 
solid  solution. 


Model 

Property 

Simple 

Regular 

Athermal 

Ideal 

Gxs 

nxIxC 

n.s  s 

a XjXc 

«"x?xc 

0 

Parameter 

n = aS  + bST 

a'  = as 

fl“  = bST 

- 

RTlny* 

a(x*)2 

a‘(x*)2 

so_ 

X 

O to 
ro 

0 

RTlny^ 

a(x*)2 

a'  (x*)2 

-ii/  Sv2 

ft  (Xj) 

0 

AH* 

m 

s s s 
a Xlxc 

s s s 
a Xlxc 

0 

0 

theory.  The  original  model  is  based  on  the  following  main 
assumptions: 
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{1)  Each  atom  has  Z nearest-neighbor  atoms. 

(2)  Nearest-neighbor  interactions  are  pairwise  with  the 


composition  and  temperature  independent  interaction 


parameter,  w,  which  is  defined  as 


w = Z[w 


IC 


V2(WH  + WCC)] 


(4-46) 


where  w^j  is  the  energy  of  an  i-j  nearest-neighbor  pair. 

(3)  The  distribution  of  atomic  pairs  is  calculated  using  a mass 
action-like  expression 


Again  allowing  the  interchange  energy  to  be  a linear  function  of  T, 
the  resulting  expression  for  the  excess  molar  Gibbs  free  energy  is 
given  by  Equation  (4-46).  The  quadratic  term  (second  term,  which  is 
contributed  by  the  excess  entropy  term  TSxs)  in  Equation  (4-26)  is 
the  first  correction  for  nonrandom  mixing.  The  Sxs  term  is  always 
negative,  as  should  be  expected  in  this  model  from  any  reduction  in 
nonrandomness.  It  has  been  shown  that  the  correction  for 
nonrandomness  is  very  small  (165,166,167).  Hill  (166)  concluded  that 

improvement  of  the  quasichemical  approximation  does  not  provide  an 

xs  xs 

excess  entropy  term  TS  of  the  same  magnitude  as  H . This 

• X s 

difficulty,  as  well  as  the  fact  that  S is  always  negative,  is  a 


N..Njj/(N.j)2  = V4exp(2w.  ./ZRT) 


(4-47) 


where  i and  j each  represent  I or  C. 
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property  of  the  lattice  model  itself  and  not  of  approximations 
introduced  in  deriving  thermodynamic  functions  from  the  model.  A 
typical  value  of  Z is  10  (a  good  average  for  a liquid)  and  is  used  in 
this  study. 

Both  of  the  preceding  models  consider  a solution  consisting  of 
components  of  similar  size  (otherwise  they  would  not  be 
interchangeable  on  the  same  lattice),  omit  all  p-V  effects  (rigid 
lattice)  and  predict  properties  which  are  symmetric  in  composition 
about  Xj  = 1/2.  For  III  — V systems  such  symmetry  is  not  always 
observed  experimentally.  Wohl  (168)  presents  an  expression  for  the 
excess  Gibbs  energy,  which  considers  effective  volume  fractions  and 
molecular  interactions.  The  simple  solution  model  (156-158),  the  Van 
Laar  equation  (169),  the  Margules  equations  (168),  and  the  Scatchard- 
Hamer  equations  (159,160)  can  be  derived  from  the  Wohl  expansion  by  a 
set  of  different  assumptions.  As  shown  in  Equation  (4-24),  the 
equation  of  Scatchard  and  Hamer  (159,160)  involved  two  interaction 
parameters,  a and  B,  which  are  allowed  to  possess  a linear 
temperature  dependence.  The  size  effects  are  accounted  for  by 
employing  the  pure  component  molar  volumes,  v.j  and  volume  fractions, 
Zi  = x.j v.j /v,  where  v is  the  ideal  mixture  molar  volume.  Note  that 
the  enthalpy  of  mixing  given  by  Equation  (4-40)  allows  for  asymmetry 
in  mole  fraction  but  does  not  exhibit  a temperature  dependence, 
provided  the  small  temperature  dependence  of  the  molar  volumes  is 
neglected. 

The  concept  of  associates  was  first  introduced  at  the  beginning 
of  the  20th  century  by  Dolezalek  (170)  and  subsequently  studied  in 
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more  detail  by  Lacmann  (171-173).  However,  this  early  work  on 
chemical  models  was  only  applied  to  mixtures  of  organic  solvents.  Of 
late,  there  have  been  several  modern  physical  (viscosity),  electrical 
(resistivity),  optical  (X-ray  diffraction  patterns),  and  magnetic 
(magnetic  susceptibility)  studies  of  group  III  — V melts,  indicating 
that  "complexes"  or  “associates"  must  exist  in  the  liquid  state. 

These  properties  indicate  the  presence  of  a strong  interactions 
between  unlike  components  in  group  III-V  melts  and  fueled  renewed 
interest  in  the  application  of  associated  solution  models  (chemical 
theories)  to  III-V  melts.  One  of  the  earliest  applications  of  the 
theory  of  associates  to  liquid  alloys  was  published  by  Jordan  (64). 
Jordan  (64)  considered  the  case  in  which  the  liquid  phase  consists  of 
the  three  species  I,C  (unassociated  species)  and  IC  (associated 
species).  These  three  species  are  assumed  to  be  in  a dynamic 
equilibrium  according  to  I (] )+Cn )~IC(i )•  The  thermodynamic  behavior 
of  such  binary  solutions  with  a single  type  of  complex  is  described 
in  terms  of  three  interchange  energies  and  represented  by  the  ternary 
regular  solution  expressions.  With  certain  simplifying  assumptions, 
Jordan  (64)  arrived  at  the  equation  commonly  known  as  the  "regular 
associated  solution"  model.  The  model  contains  two  adjustable 
parameters,  an  interchange  energy,  w,  and  an  equilibrium  constant,  K, 
for  the  formation  of  IC  from  I and  C.  Also,  this  model  allows  the 
interchange  energy  to  depend  linearly  on  T,  w = a + bT,  and  the 
equilibrium  constant  to  depend  exponentially  on  1/T, 

K = c exp(d/2RT).  The  resulting  expressions  for  the  excess  Gibbs 
energy,  the  activity  coefficients,  and  the  enthalpy  of  mixing  are 


derived  and  given  by  Equations  (4-25),  (4-32),  and  (4-41), 
respectively.  In  Equation  (4-32),  P is  defined  by 
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4xIxC  ^2 

P E ^ ’ 1 + K exp(-w/2  RT)J  (4-48) 

and  is  equal  to  c exp(-b/2  R)  and  D2  equals  d - a in  Equation 
(4-41).  Note  that  this  model  allows  for  a weak -temperature 
dependence  in  the  enthalpy  of  mixing  and  the  expression  is  symmetric 
with  respect  to  mole  fraction. 

Finally,  three  "local  composition"  formulations  are 
considered.  These  models  attempt  to  describe  the  nonideal -solution 
behavior  due  to  strongly  interacting  molecules  in  the  liquid  phase, 
and  are  readily  extended  to  multicomponent  systems,  while  involving 
only  binary  interaction  constants. 

Since  its  introduction  in  1964,  the  equation  of  Wilson  (162)  has 
received  wide  attention  because  of  its  ability  to  fit  strongly 
nonideal,  but  miscible,  systems.  In  the  Wilson  equation,  the  effects 
of  differences  in  both  molecular  size  and  intermolecular  forces  are 
incorporated  by  an  extension  of  the  equation  of  Flory  (174,175)  and 
Huggins  (176,177).  Overall  solution  volume  fractions  (<j>.j  = x^v^/v) 
are  replaced  by  local  volume  fractions,  5^,  which  are  related  to 
local  molecule  segregations  caused  by  differing  energies  of 
interaction  between  pairs  of  molecules.  For  the  local  volume 
fraction,  Wilson  proposed 
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v.x.exp(-X -,/RT) 

«i  - 11 <«-«> 

jf,  vjxjaxp('Xij/RT) 

where  energies  of  interaction  x.j  = X ^ . , but  X^.  ^ Xjj.  Following 
the  treatment  of  Orye  and  Prausnitz  (178),  substitution  of  the  binary 
form  of  Equation  (4-49)  into  the  equation  of  Flory  and  Huggins,  and 
defining  the  binary  constants  as 


v2  (^ip  ” \ J 

A = — exDT 11  l 

12  vL  expL  RT  J 


V1  (X1?  ' X??] 
*21  - vj  exp[-  — BT---J 


(4-50) 


(4-51) 


leads  to  the  excess  Gibbs  energy  Equation  (4-28)  for  a binary 
system.  Studies  indicate  that  (X^  - X^)  and  (X^  - X ^ ) are  linear 
functions  of  temperature.  Values  of  v^/vj  depend  on  temperature 
also,  but  the  variation  may  be  small  compared  to  temperature  effects 
on  the  exponential  term  and  neglected  in  deriving  the  expressions  for 
the  activity  coefficients  and  enthalpy  of  mixing. 

The  nonrandom  two-liquid  (NRTL)  equation  developed  by  Renon  and 
Prausnitz  (163)  represents  an  accepted  extension  of  Wilson's 
concept.  Starting  with  an  equation  similar  to  Equation  (4-49),  but 
expressing  local  composition  in  terms  of  mole  fractions  rather  than 
volume  fractions,  Renon  and  Prausnitz  developed  an  equation  for  the 
local  mole  fraction  of  species  j in  a liquid  cell  occupied  by  a 
molecule  of  i at  the  center. 
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(4-52) 


s x..exp(-a  t ) 
1=1  1 11  11 


li  li 


For  the  binary  liquid  system,  tic  and  tci  are  adjustable  parameters, 
and  “jc ( =aCI ^ 1S  a third  parameter  that  can  be  fixed  or  adjusted. 

The  parameter  characterizes  the  tendency  of  species  j and  species 
i to  be  distributed  in  a nonrandom  fashion.  When  a..  = o,  local  mole 

J ' 

fractions  are  equal  to  overall  solution  mole  fractions.  Generally, 
ajj  is  independent  of  temperature  and  depends  on  molecular 
properties.  For  organic  liquids,  values  of  a . • usually  lie  between 
0.2  and  0.47  (167).  The  t coefficients  for  a binary  system  are  given 
by 


where  g^j  are  energies  of  interaction  between  molecule  pairs.  Often 
( g IC  “ 9cc^  anc*  ( 9ci  " 9 1 1 ) are  linear  in  temperature  and  not 
independent  for  a multicomponent  mixture  (179).  Upon  substituting 
Equation  (4-48)  into  Scott's  two-liquid  cell  theory  (180),  wherein 
only  two-molecule  interactions  are  considered,  the  NRTL 
representation  of  aqxs  for  the  liquid  system  is  obtained.  In 
general,  the  accuracy  of  the  NRTL  equation  is  comparable  to  that  of 
the  Wilson  equation.  Although  <*  is  an  adjustable  parameter,  there 

* J 


(4-53) 


TCI  (9CI  " gn)/RT 


(4-54) 
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is  often  little  loss  in  accuracy  by  setting  its  value,  typically 
between  -1  and  1. 

In  an  attempt  to  place  the  calculation  of  liquid  phase  activity 
coefficients  on  a simpler,  yet  more  theoretical  basis,  Abrams  and 
Prausnitz  (164)  derived  a new  expression  for  excess  free  energy. 

This  model,  called  UNIQUAC  (universal  quasichemical ) , generalizes  a 
previous  analysis  by  Guggenheim  (161)  and  allows  the  molecules  to  be 
of  arbitrary  size  and  shape.  As  in  the  Wilson  and  NRTL  equations, 
local  concentrations  are  used.  However,  rather  than  local  volume 
fractions  or  local  mole  fractions,  UNIQUAC  uses  the  local  area 
fraction  0—  as  the  primary  concentration  variable.  The  local  area 
fraction  is  determined  by  representing  a molecule  by  a set  of  bonded 
segments.  Each  molecule  is  characterized  by  two  structural 
parameters:  the  relative  number  of  segments  per  molecule  y (volume 

parameter)  and  the  relative  surface  area  of  the  molecule  q (surface 
parameter).  Following  a procedure  similar  to  that  of  Guggenheim 
(161)  they  derive  an  expression  for  excess  Gibbs  free  energy  given  by 
Equation  (4-29).  The  first  four  terms  on  the  right-hand  side  are  due 
to  differences  in  molecule  size  and  shape,  while  the  last  two  terms 
are  due  to  differences  in  intermolecular  forces.  Z is  the  lattice 
coordination  number,  again  set  equal  to  10,  and  Tjq  and  Tqj  are  given 
by 


T 


IC 


exp[- 


IC 


JCC- 


RT 


(4-55) 


and 


Ill 


(4-56) 


In  addition,  the  segment  fraction,  <frj,  and  area  fraction,  0j,  are 
given  by 


The  expressions  for  the  activity  coefficients  are  given  by  Equation 
(4-36)  in  which  1 j is  given  by 


As  a result  of  the  introduction  of  the  Bol tzman-type  factor  in  the 
local  composition  models,  the  adjustable  parameters  occur  in 
exponential  terms.  This  alters  not  only  the  form  of  the  activity 
coefficient  equations,  but  also  allows  for  temperature  dependence  and 
asymmetry  in  the  enthalpy  of  mixing.  The  improvement  of  the  local 
composition  models  is  expected  to  occur  because  of  this  temperature 
dependence. 

Each  of  the  models  mentioned  above  has  adjustable  parameters 
which  can  be  estimated  from  experimental  data.  A maximum  likelihood 
algorithm  based  on  the  Birtt-Luecke  (181)  method  is  used  to  estimate 
the  model  parameters.  The  technique  maximizes  the  likelihood 
function  for  the  problem  and  is  equivalent  to  minimizing  the  x~square 


♦i  ‘ Vi/(Vi  + Vc> 


(4-57) 


and 


SI  = xtV(xl',I  + xCqC> 


(4-58) 


li  = (jHY-i  - qn-)  - ( Yj  - 1),  i = I,  c 


(4-59) 
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distribution  function  of  the  following  form: 

<?„  - ?>T3~I<Im  - Z)  (4-60) 

Here»  is  the  vector  of  measured  variables  (observed  values),  Z is 

the  vector  of  estimated  variables  (expected  values),  and  R is  the 

error  matrix,  which  specifies  the  variances  of  the  measurements  Z . 

-m 

This  algorithm  may  be  thought  of  as  an  extension  of  ordinary  least 
squares  to  the  case  where  some  (or  all)  of  the  independent  variables, 
as  well  as  the  dependent  variables,  are  subject  to  measurement 
error.  In  addition,  it  supplies  a best  estimate  to  the  adjustable 
parameters  and  provides  the  estimated  parameters  variance  and 
covariance  matrix  (error  matrix)  which  allows  the  determination  of 
the  limit  of  confidence  in  these  parameters  and  will  give  some 
insight  into  the  problem  of  data  cross-prediction. 

4.3  Computational  Procedure 

The  experimental  liquidus  points,  solidus  points,  enthalpy  of 
mixing,  and  group  III  activity  were  taken  from  tabulations,  or  more 
often,  digitized  from  graphs.  The  basic  equations  are  (2-91),  (4-5), 
(4-6),  (4-14),  (4-17),  (4-18),  and  those  listed  in  Tables  4-2  through 
4-4.  The  computational  procedure  is  quite  straightforward  for  either 
the  combined  or  individual  data  sets  except  for  the  111-111*  binary 
systems,  in  which  isothermal  sol idus-1 iquidus  or  1 iquidus-liquidus 
pairs  are  usually  not  available.  The  procedures  described  below 
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were  used  to  evaluate  the  liquid  and  solid  solution  model  parameters 
for  the  Ga-In  and  Al-Ga  systems  in  this  study. 

For  convenience,  the  system  of  two  implicit  working  Equations 
(4-5)  and  (4-6)  can  be  written  as 

XA  = f(xA’  XA’  T)  (4-61) 

XA  = g(xA’  XA’  T)  (4-62) 

The  computer  calculation  starts  with  an  initial  guess  for  the  liquid 
and  the  solid  solution  model  parameters.  The  first  experimental 
liquidus  temperature  and  composition  is  then  inserted  into  Equation 
(4-62)  along  with  the  initial  model  parameters  and  the  selected 
reduced  standard  state  chemical  potential  difference,  and  Equation 
(4-62)  is  solved  for  the  corresponding  equilibrium  solidus 
composition.  Thus,  the  problem  is  reduced  to  one  constraint  equation 
(4-61).  This  procedure  is  repeated  for  each  of  the  liquidus 
points.  Next,  the  experimental  solidus  composition  and  temperature 
are  inserted  one  at  a time  into  Equation  (4-61)  and  this  equation  is 
solved  for  the  corresponding  equilibrium  liquidus  composition. 
Similarly,  the  problem  is  reduced  to  one  constraint  equation 
(4-62).  The  parameters  for  the  Al-In  system  were  obtained  in  a 
similar  fashion  by  including  both  the  liquid-liquid  and  liquid-pure 
solid  A1  equilibrium  conditions.  For  example,  considering  the  simple 
binary  liquid  mixture  described  by  Equation  (4-23),  substitution  of 
Equation  (4-30)  into  Equations  (4-15)  and  (4-16)  gives  the  conditions 
for  liquid-liquid  equilibrium  as 
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T (a+bTHx*)2  TT  (a+bT)  (x^1  )2 
XA  exp*- RT '1  = XA  exp- iff -1  (4-63) 

and 

t (a+bT) (x!)2  (a+bTMxJ1)2 

x3  exp[ ^ ■]  = xg  exp[ ^ ■]  (4-64) 

For  pure  solid  A1  in  equilibrium  with  the  binary  melt  substitution  of 
Equation  (4-20)  into  Equation  (4-14)  gives 

(a+bT)Xg 

xA  exp[ — - ] = exp(eA),  A = Al,  B = In  (4-65) 

Simultaneous  solution  of  these  equilibrium  relations  (coupled  with 
the  conservation  equations  x!  + x*  = 1,  x?1  + x*1  = 1 and 

Ad  A d 

xA  + Xg  = 1)  gives  the  complete  phase  diagram  of  this  system. 

The  ability  of  the  model  to  describe  the  combined  data  is 
characterized  by  the  overall  weighted  sum  of  squares,  a2»  which  is 
provided  by  the  maximum  likelihood  algorithm  and  calculated  according 
to 


o [I  - Z)R_1(Z  - Z) 

2 _ -m  - - -m 

ao  n 


(4-66) 


Here,  1S  the  vector  of  measured  variables  (observed  values),  _Z  is 
the  vector  of  estimated  variables  (expected  values),  J<_  i s the  number 
of  measurements,  n is  the  number  of  parameters  in  the  model,  and  R_  is 
the  error  matrix,  which  specifies  the  variances  of  the  measurements 


115 


ZJa.  The  weighted  sum  of  squares  for  the  subset  is  calculated  by  a 
similar  equation: 


^(subset)  = 


(X,  - X)V1(Xm 

-m  -m 

k - n 


X) 


k 1 
E E 


[(x. . - x . .r/Y. .] 

ij  mi  j T1JJ 


k - n 


(4-67) 


Here,  X^  is  the  vector  of  measured  variables  for  the  subset,  X.  is  the 
vector  of  final  variable  estimates  for  the  subset,  y_  is  the  error 
matrix,  which  specifies  the  variances  (a  priori  estimates)  of  the 
measurements  X^,  k is  the  number  of  measurements  for  the  subset,  n is 
the  number  of  parameters  in  the  model,  1 is  the  number  of  variables, 
and  Y-jj  is  the  ith  measurement  error  of  the  variable  j (an  element  of 
jy).  Note  that  the  conventional  standard  deviation,  ct,  is  defined  by 


? (X_  - X)T(Xm  - X) 

a (subset)  = (4-68) 

If  the  assumed  measurement  error,  y-jj,  is  considered  to  be  the  same 
in  each  variable,  then  the  standard  deviation  a can  be  related  to  the 
sigma  estimate,  CTp,  by 


a = j ae  (4-69) 

It  is  noted  that  the  maximum  likelihood  approach  used  here  requires 
that  the  covariances  (off-diagonal  elements  of  R in  Equation  (4-66) 
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be  zero.  In  this  case  R_ becomes  a diagonal  matrix  whose  elements  are 
variances  (a  priori  estimates)  of  the  variables^.  Values  of  R- - 
used  in  these  studies  for  the  liquidus  temperature,  solidus 
temperature,  activity  and  enthalpy  of  mixing  are  1.5  K,  1.5  K,  0.001, 
and  0.001*(RTm),  respectively.  Here,  R is  the  gas  constant  and  Tm  is 
the  temperature  at  which  the  enthalpy  of  mixing  is  measured. 

4.4  Data  Base 

4.4.1  Al-Sb  System 

The  thermodynamic  properties  of  the  compound  Al-Sb  are  well 
characterized  with  several  determinations  of  AH^ ( fusion ) , 
aH.j:( formation) , AG^( formation)  and  both  low  and  high  temperature  heat 
capacity.  The  selected  values  of  these  properties  are  listed  in 
Tables  3-2  and  3-3.  Several  measurements  of  the  liquidus  (132,181- 
185)  are  depicted  in  Figure  4-1  and  show  some  scatter.  A single 
eutectic  point  (measured  by  a thermal  cooling  technique)  near  the  Al- 
rich  end  was  given  by  Dix  et  al . (186).  Urasov  (181)  has  measured 
the  liquidus  also  by  a thermal  cooling  technique  over  the  entire 
composition  range,  as  have  Guertler  and  Berman  (using  DTA ) ( 132 ) . 
Linnebach  and  Benz  (183,184)  determined  several  Sb-rich  liquidus 
points  by  direct  observation  method,  while  Glazov  and  Petrov  (185) 
made  several  measurements  (by  DTA  method)  near  the  stoichiometric 
composition.  The  results  of  Glazov  and  Petrov  (185)  give  a peak  at 
the  1:1  Al-Sb  composition,  indicating  that  appreciable  association 
may  occur  in  the  liquid.  However,  the  data  of  Glazov  and  Petrov 
(185)  are  in  relatively  poor  agreement  with  the  measurements  of 
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. Phase  diagram  of  the  Al-Sb  system:  o.  Ref  (181);  +, 
Ref.  (182);  a , Ref.  (183),  A,  Ref.  (184);  * , Ref. 
(132);  0 , Ref.  (185). 


Figure  4-1 
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Urasov  (181).  The  measurements  of  Guertler  and  Bergman  (182)  are  in 
general  lower  than  those  obtained  by  Urasov  (181)  for  xsb  >_0.1, 
while  the  data  of  Linnebach  and  Benz  (183,184)  are  somewhat  higher 
than  those  obtained  by  Urasov  (181).  Based  on  comparison  with  the 
other  thermochemical  data  selected  by  Hultgren  et  al.  (Ill),  the  data 
of  Urasov  (181)  are  used  in  this  study. 

Only  one  experimental  investigation  of  the  liquid  mixture 
thermochemical  properties  is  reported.  Predel  and  Schallner  (103), 
using  a molten  salt  galvanic  cell,  measured  the  Al  activity  as  a 
function  of  composition  and  temperature.  The  enthalpy  of  mixing  at 
1400  K was  also  determined  from  the  temperature  dependency  of  the 
e.m.f.  measurements  in  this  work.  These  results  have  been  employed 
for  parameter  estimation. 

Values  for  the  parameters  y1-  and  qi  are  required  for  the  UNIQUAC 

equation.  As  discussed  by  Abrams  and  Prausnitz  (164),  y.,-  is  a 

measure  of  the  number  of  equivalent  segments  per  molecule,  and  q-  is 

a measure  of  a molecule's  external  surface  area  relative  to  some 

reference  molecule.  It  is  clear  from  these  considerations  that  y^ 

should  be  unity  for  each  component  and  q-  should  be  equal  to  the 

ratio  of  the  square  of  the  component  radius  to  that  of  the 

standard.  It  is  found  that  the  result  of  UNIQUAC  to  represent  the 

thermodynamic  data  of  group  III  — V systems  is  rather  insensitive  to 

the  values  of  y-  and  q . For  convenience,  aluminum  was  chosen  as  the 

standard  (i.e.,  q^  =1).  With  the  van  der  Waals  radius  used  in 

°2 

Aselage  et  al.  (187),  a value  of  4.84  A was  assigned  for  q^. 
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4.4.2  Ga-Sb  System 

As  summarized  in  Tables  3-2  and  3-3,  the  thermochemical  data  for 
the  Ga-Sb  system  are  well  characterized.  For  this  study,  a data  base 
for  the  Ga-Sb  system  consisting  of  the  enthalpy  of  mixing  and  Ga 
activity  as  a function  of  composition  was  used  to  estimate  the  model 
parameters.  The  experimental  liquidus  measurements  were  used  to 
compare  the  predicted  phase  diagram,  which  was  calculated  with 
parameters  determined  for  the  enthalpy  of  mixing  and  the  Ga  activity 
fits.  Based  on  comparison  with  the  various  available  experimental 
data  (152,187),  the  results  of  the  liquidus  (39,48,130),  enthalpy  of 
mixing  (131),  and  liquid-phase  gallium  activity  (152)  have  been  used 
in  this  study. 

4.4.3  In-Sb  System 

As  with  Ga-Sb,  the  experimental  information  on  the  liquidus 
temperature,  the  enthalpy  of  mixing,  and  liquid  phase  component 
activity  are  available.  The  enthalpy  of  mixing  (97)  and  the  In 
activity  (120,121,188)  were  used  for  parameter  estimation,  and  the 
predicted  phase  diagram  was  compared  to  the  available  liquidus 
measurements.  Both  the  Ga-Sb  and  In-Sb  systems  have  been  critically 
assessed  by  Aselage  et  al.  (187),  the  liquidus  (118),  enthalpy  of 
mixing  (97),  and  liquid  phase  In  activity  (120,121,88)  measurements 
selected  by  then  have  been  used  in  this  study. 
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4.4.4  A 1 — Ga  System 

The  Al-Ga  system  has  been  investigated  extensively  as  reviewed 
by  Hultgren  et  al.  (111).  As  shown  in  Figure  4-2,  the  liquidus  has 
been  determined  by  several  investigators  (189-195),  while  the  work  of 
Zoller  (191)  and  Shunk  (194)  are  the  only  investigations  of  the 
solidus  line  on  the  Al-rich  side  of  the  phase  diagram.  Based  on 
comparison  with  the  other  thermochemical  data  selected  by  Hultgren  et 
al.  (Ill),  the  liquidus  results  of  Predel  and  Stein  (189)  and  the 
solidus  data  of  Shunk  (194)  and  have  been  used  in  this  study. 

Predel  and  Stein  (189)  determined  the  enthalpy  of  mixing  by 
calorimetry.  The  measurements  of  Lee  and  Yazawa  (196)  and  Batalin  et 
al.  (197)  are  more  positive  than  that  of  Predel  and  Stein  (189).  The 
results  of  Danilin  and  Yatsenko  (190)  are  much  lower  (over  50% 
difference  at  xA-j  =0.5)  than  the  other  measurements.  The  data  of 
Predel  and  Stein  (189)  has  been  included  in  the  data  base  for  the 
calculations. 

The  liquid  phase  activity  of  Al  in  Al-Ga  mixtures  has  been 
determined  with  a molten  salt  galvanic  cell  by  Lee  and  Yazawa  (196), 
by  Predel  and  Schallner  (198)  and  by  Eslami  et  al.  (199).  The  data 
of  Lee  and  Yazawa  (196)  are  in  good  agreement  with  those  selected  by 
Hultgren  et  al.  (111).  The  results  of  Predel  and  Schallner  (198) 
show  somewhat  more  positive  deviation  from  ideality  than  the  other 
measurements,  while  the  data  of  Eslami  et  al.  (199)  exhibit  less 
positive  deviations  than  the  other  measurements.  The  data  of  Lee  and 
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Phase  diagram  of  the  Al-Ga  system:  o.  Ref.  (189);  •, 

Ref  (113);  a , Ref.  (194);  ■ , Ref.  (190);  A,  Ref. 
(191);  0 , Ref.  (192);  * , Ref.  (193);  +,  Ref.  (195). 


Figure  4-2. 
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Yazawa  (196)  and  of  Hultgren  et  al.  (Ill)  have  been  included  in  the 
data  base. 

4.4.5  Ga-In  System 

As  with  Al-Ga,  a data  base  for  the  Ga-In  system  consisting  of 
liquidus  temperature,  the  enthalpy  of  mixing  and  liquid  phase  Ga 
activity  as  a function  of  temperature  and  composition  was  employed. 
The  Ga-In  liquidus  has  been  measured  by  several  investigators  (200- 
205).  Unfortunately,  there  are  no  reliable  solidus  and  no 
measurements  of  thermodynamic  quantities  for  the  solid  solution. 

Based  on  comparison  with  the  other  thermochemical  data  selected  by 
Hultgren  et  al.  (Ill),  the  liquidus  data  of  Swirdely  and  Selis  (200), 
and  Hayes  and  Kubaschewski  (204)  have  been  used  in  this  study. 

The  enthalpy  of  mixing  has  been  accurately  measured  by  Bros  et 
al.  (206,207)  between  110°  and  469°C.  These  data  indicate  that  AHm 
is  independent  of  temperature  within  experimental  error.  The  liquid 
phase  component  activity  in  Ga-In  mixtures  were  also  measured  with  a 
solid  state  electrochemical  technique  by  Klinedinst  et  al.  (208),  by 
Pong  and  Donaghey  (209),  and  by  Svirbeley  and  Read  (210)  and  with  a 
Knudsen-Cell  effusion  technique  by  Macur  et  al.  (211).  Based  on  the 
consistency  tests  of  Anderson  (106),  the  results  of  Bros  (206,207), 
and  Klinedinst  et  al.  (208)  have  been  employed  for  parameter 
estimation. 
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4.4.6  Al-In  System 

The  very  limited  information  for  the  Al-In  system  has  been 
reviewed  by  Hultgren  et  al.  (111).  Based  on  the  discussion  in 
Hultgren  et  al.  (Ill),  the  liquid-liquid  equilibrium  data  of  Massart 
et  al.  (212),  and  the  solid-liquid  equilibrium  data  of  Massart  et  al. 
(212)  and  Predel  (213)  have  been  used  in  this  study.  The  selected 
values  of  the  enthalpy  of  mixing  and  aluminum  activity  listed  in 
Hultgren  et  al.  (Ill)  are  also  included  in  the  data  base  for  the 
calculations. 


4.5  Results  for  a Combined  Data  Set 
The  combined  data  set  consisting  of  liquidus  temperature, 
enthalpy  of  mixing,  group  III  liquid  phase  activity  and  the  selected 
values  for  0j  and  0jq  was  used  to  estimate  parameters  in  each  model 
described  above  for  the  Al-Sb  system,  and  to  estimate  NRTL  and  simple 
solution  model  parameters  for  the  Al-In,  Al-Ga,  and  Ga-In  systems. 

The  ability  of  a model  to  represent  the  combined  data  is 
characterized  by  the  overall  standard  deviation  defined  by  Equation 
(4-66).  The  standard  deviations  in  the  predicted  liquidus 
temperature,  the  enthalpy  of  mixing  and  the  group  III  liquid  phase 
activity  for  each  model  mentioned  above  are  calculated  by  Equation 
(4-68)  and  listed  in  Table  4-5  for  parameters  estimated  with  the 
combined  Al-Sb  data  set.  For  comparison,  the  standard  deviations  of 
the  individual  Al-Sb  data  set  fits  are  also  listed  in  this  table.  A 
comparison  of  the  deviations  obtained  from  different  models  with  the 
same  data  set  gives  an  indication  of  relative  adequacy  of  different 
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models.  Convergence  of  the  maximum  likelihood  algorithm  to  a unique 
set  of  parameters  for  the  combined  data  set  was  not  obtained  for  the 
regular  associated  solution  model,  apparently  due  to  the 
inflexibility  of  the  expression. 

An  examination  of  the  results  presented  in  Table  4-5  indicates 
that  among  the  models  considered  here,  the  NRTL  equation  best 
represents  the  combined  experimental  data  for  the  Al-Sb  system.  The 
inability  of  other  models  to  represent  either  the  combined  or 
individual  data  set  is  clearly  demonstrated  in  Table  4-5.  It  can  be 
seen  from  Table  4-5  that  all  the  predicted  liquidus  temperature  (both 
combined  and  individual  data  set  fits)  lie  far  outside  of  the 
experimental  error  bounds  (except  for  the  individual  data  set  fit 
with  the  NRTL  and  Scatchard-Hamer  equations).  Only  the  NRTL  equation 
represents  the  individual  data  sets  reasonably  well  in  each  case.  As 
previously  mentioned,  this  is  expected  for  the  highly  asymmetric 
Al-Sb  system.  The  improved  exponential  expression  of  local 
composition  models  in  the  enthalpy  of  mixing  is  evident  in  the 
results  shown  in  Table  4-5. 

The  parameter  sets  determined  with  the  combined  data  set  for 
both  the  NRTL  equation  and  the  simple  solution  models  are  listed  for 
the  Al-Sb  and  Al-In  systems  in  Table  4-6.  The  liquidus  temperature, 
enthalpy  of  mixing,  and  liquid  phase  component  activities  calculated 
with  the  NRTL  equation  and  the  simple  solution  models  are  displayed 
in  Figures  4-3  to  4-5  for  the  Al-Sb  system  and  compared  with  the 
experimental  data.  Figure  4-3  shows  that  the  calculated  liquidus  for 
Al-Sb  system  computed  with  the  simple  solution  model  parameters  in 


Table  4-6.  NRTL  and  simple  solution  parameters  obtained  with  the  combined  data  base  fit  for  the  Al-Sb 
and  Al-In  systems. 
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Figure  4-3.  The  Al-Sb  phase  diagram:  o.  Ref.  (181);  — , calculated 

from  NRTL  liquid  solution  parameters  in  Table  4-6;  — , 
calculated  from  simple  liquid  solution  parameters  in 
Table  4-6. 


AH  , cal/g-atom 
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Figure  4-4.  Enthalpy  of  mixing  A1  and  Sb  at  T = 1400  K:  o,  Ref. 

(132);  — , calculated  from  NRTL  liquid  solution 
parameters  in  Table  4-6;  — , calculated  from  simple 
solution  parameters  in  fable  4-6. 
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Figure  4-5.  AT  or  Sb  liquid  phase  component  activity  at 

T = 1400  K:  o , • , Ref.  (132);  — , calculated  from  NRTL 

liquid  solution  parameters  in  Table  4-6;  — , calculated 
from  simple  solution  parameters  in  Table  4-6. 
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Table  4-5  are  consistently  higher  than  any  measurement  in  the  Sb-rich 
region  (37  K at  x^  = 0.8)  and  lower  in  the  Al-rich  portion  (76  K at 
XA1  = 0*9)*  As  shown  in  Figure  4-4,  the  enthalpy  of  mixing 
calculated  with  the  NRTL  equation  is  better  than  that  obtained  with 
the  simple  solution  model.  This  substantial  improvement  is  expected 
because  the  introduction  of  the  Bol tzman-type  factor  in  the  NRTL 
equation  allows  for  asymmetry  and  temperature  dependence  in  the 
enthalpy  of  mixing.  Figure  4-5  shows  that  each  of  the  models 
provides  a good  description  of  the  component  activities.  Although 
the  NRTL  equation  gives  a good  representation  of  the  enthalpy  of 
mixing  and  the  component  activities,  the  results  of  the  calculated 
liquidus  are  similar  to  those  obtained  with  the  simple  solution 
model.  From  these  calculations  the  available  thermochemical  data 
(a^  and  AHm)  for  the  Al-Sb  system  is  not  consistent  with  the 
reported  liquidus  measurements,  probably  due  to  the  inability  of  the 
model  to  represent  the  highly  asymmetric  liquidus  data. 

An  attempt  has  been  made  for  the  first  time  to  use  a solution 
model  to  represent  the  phase  diagram  and  thermochemical  data  of  the 
Al-In  system.  As  shown  in  Figure  4-6,  the  presence  of  a highly 
asymmetric  miscibility  gap  in  the  Al-In  liquid  phase  clearly 
indicates  that  the  models  considered  here  should  have  difficulty 
representing  the  liquid-liquid  equilibrium  data.  Indeed,  the 
calculated  phase  diagram  with  the  NRTL  equation  is  higher  than  those 
selected  by  Hultgren  et  al.  (Ill)  in  the  15-70  mole  percent  In 
interval  (30  K at  Xjn  = 0.4).  The  results  calculated  with  the  simple 
solution  model  were  even  poorer  than  those  obtained  with  the  NRTL 
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Figure  4-6.  The  Al-In  phase  diagram:  o.  Ref.  (212);  □ , Ref.  (213); 

A,  Ref.  (214);  *,  Ref.  (215);  o , Ref.  (216);  a , Ref. 
(217);  — , Ref.  (113);  — , calculated  from  NRTL  liquid 
solution  parameters  in  Table  4-6;  — , calculated  from 
simple  liquid  solution  parameters  in  Table  4-6. 
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equation.  This  is  expected  because  the  thermochemical  properties 
expressed  with  the  simple  solution  model  are  symmetric  functions.  As 


seen,  the  Al-rich  eutectic  point  has  been  shifted  from  Xjn  = 0.05 
(111)  to  ~X{n  = 0.1  (calculated  value). 

The  enthalpy  of  mixing  and  liquid  phase  component  activity 
calculated  with  the  NRTL  and  simple  solution  models  are  plotted  in 
Figures  4-7  and  4-3  for  the  Al-In  system  and  compared  with  the 
selected  data  given  by  Hultgren  et  al.  (111).  As  in  the  case  of  the 
Al-Sb  system,  the  NRTL  equation  provides  a good  representation  of  the 
asymmetric  data.  It  is  shown  in  Chapter  VI  that  the  predicted 
Al-In-Sb  ternary  phase  diagram  are  very  sensitive  to  the  parameters 
for  this  system. 

Table  4-7  lists  the  parameter  sets  determined  with  the  combined 
data  set  from  the  NRTL  equation,  the  simple  solution  model  and  the 
strictly  regular  solution  model  for  the  Al-Ga  and  Ga-In  systems. 

Note  that  no  solidus  data  are  used  in  the  parameter  estimation  for 
the  Ga-In  system.  Convergence  of  the  maximum  likelihood  algorithm  to 
a set  of  parameters  was  not  obtained  for  the  strictly  regular  liquid 
and  simple  (or  strictly  regular)  solid  solution  model  in  the  Ga-In 
system,  probably  due  to  the  inability  of  the  strictly  regular 
solution  to  simultaneously  represent  the  liquidus  data  and  liquid 
phase  thermochemical  data.  As  shown  in  Table  4-7,  the  values  of  the 
overall  standard  deviations  obtained  with  NRTL  or  simple  liquid  and 
simple  solid  solution  are  nearly  identical.  Also  listed  in  this 
table  is  the  overall  standard  deviation  obtained  with  the  strictly 
regular  liquid  and  solid  solution  for  the  Al-Ga  system.  As  can  be 
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Figure  4-7.  Enthalpy  of  mixing  of  A1  and  In  at  T = 1173  K:  o.  Ref. 

(113)  (1173  K);  — , calculated  from  NRTL  liquid  solution 
parameters  in  Table  4-6;  — , calculated  from  simple 
liquid  solution  parameters  in  Table  4-6. 
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Figure  4-3.  AT  or  In  liquid  phase  component  activity  at 

T = 1173  K:  o,  Ref.  (113);  — , calculated  from  NRTL 

liquid  solution  parameters  in  Table  4-6;  — , calculated 
from  simple  liquid  solution  parameters  in  Table  4-6. 


Table  4-7.  Solution  model  parameters  obtained  with  the  combined  data  base  fit  for  the  Al-Ga  and  Ga-In 
systems. 
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seen,  nearly  a factor  of  two  increase  in  the  magnitude  of  the  overall 
standard  deviation  is  found  with  the  strictly  regular  liquid  and 
solid  solution.  It  is  also  seen  in  Table  4-7  that  both  the  NRTL  and 
simple  liquid  solution  models  give  almost  the  same  parameter  sets  of 
the  solid  solution  for  the  Al-Ga  system.  However,  two  different 
parameter  sets  of  the  solid  solution  model  for  the  Ga-In  system  are 
obtained  with  the  two  liquid  solution  models.  The  physical 
interpretation  of  these  two  parameter  sets  is  quite  different.  For 
example,  the  parameter  set  ws  = 391.3  + 3.712  T predicts  positive 
values  for  the  solid  phase  enthalpy  of  mixing  and  predicts  a 
miscibility  gap  at  T = 51  K,  while  the  parameter  set 
ws  = -581.7  + 7.086  T gives  negative  values  for  the  solid  phase 
enthalpy  of  mixing  and  predicts  complete  miscibility  at  all 
temperatures. 

The  calculated  phase  diagrams,  liquid  phase  enthalpy  of  mixing 
and  component  activities  are  compared  to  the  experimental  data  in 
Figures  4-9  to  4-11  for  the  Al-Ga  system  and  in  Figures  4-12  to  4-14 
for  the  Ga-In  system.  It  is  apparent  from  Figures  4-9  to  4-14  that 
the  NRTL  or  simple  liquid  and  simple  solid  solution  models  provide  an 
excellent  fit  to  the  reported  phase  diagram,  liquid  phase  enthalpy  of 
mixing  and  component  activity.  The  common  practice  of  applying  the 
strictly  regular  solution  model  to  a description  of  the  liquid  phase, 
however,  gives  only  fair  agreement  with  the  experimental 
measurements.  No  previous  work  has  been  reported  with  the  combined 
data  set  for  these  two  systems.  Unfortunately,  because  solid 
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Figure  4-9.  The  Al-Ga  phase  diagram:  o,  Ref.  (189);  □ , Ref.  (113); 

A,  Ref.  (194);  o.  Ref.  (192);  <x  , Ref.  (193);  , 

calculated  from  NRTL  liquid  solution  and  simple  solid 
solution  parameters  in  Table  4-7;  — , calculated  from 
simple  liquid  and  solid  solution  parameters  in  Table 

4-7;  , calculated  from  regular  liquid  and  solid 

solution  parameters  in  Table  4-7. 


A H , cal/g  — atom 
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Figure  4-10.  Enthalpy  of  mixing  of  AT  and  Ga  at  T = 1023  K:  o.  Ref. 

(113);  — , calculated  from  NRTL  liquid  solution 
parameters  in  Table  4-7;  — , calculated  from  simple 
liquid  solution  parameters  in  Table  4-7;  — , 
calculated  from  regular  liquid  solution  parameter  in 
Table  4-7. 
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Figure  4-11.  A1  or  Ga  liquid  phase  component  activity  at 

T = 1023  K:  o,  Ref.  (113);  □ , Ref.  (196);  — , 
calculated  from  NRTL  liquid  solution  parameters  in 
Table  4-7;  — , calculated  from  simple  liquid  solution 

parameters  in  Table  4-7;  , calculated  from  regular 

liquid  solution  parameter  in  Table  4-7. 
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Figure  4-12.  The  Ga-In  phase  diagram:  »,o.  Ref.  (200);  □ , Ref. 

(201);  A,  Ref.  (202) ; o , Ref.  (204);  calculated 
from  NRTL  liquid  solution  and  simple  solid  solution 
parameters  in  Table  4-7;  — , calculated  from  simple 
liquid  and  solid  solution  parameters  in  Table  4-7. 
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Figure  4-13.  Enthalpy  of  mixing  of  Ga  and  In  at  T = 742  K:  o.  Ref. 

(206,207);  — , calculated  from  NRTL  liquid  solution 
parameters  in  Table  4-7;  — , calculated  from  simple 
liquid  solution  parameters  in  Table  4-7. 
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Figure  4-14.  Ga  or  In  liquid  phase  component  activity  at 

T = 1123  K:  o.  Ref.  (208);  □ , Ref.  (209) ( 1124  K);  } 

calculated  from  NRTL  liquid  solution  parameters  in 
Table  4-7;  — , calculated  from  simple  liquid  solution 
parameters  in  Table  4-7. 
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solution  thermochemical  data  is  lacking,  the  parameter  set  which  best 
describes  the  solid  solution  behavior  cannot  be  determined. 

As  mentioned  previously,  it  may  be  possible  to  increase  the 
number  of  adjustable  parameters  in  the  NRTL  equation  from  four  to 
five;  this  is  accomplished  by  considering  ccjq  as  a fifth  parameter. 
However,  it  was  found  that  the  standard  deviations  exhibit  a rather 
broad  minimum  (e.g.,  -1  _S  “iq  _S  4 and  cijq  ^ 0 for  Al-Ga  system)  about 
the  values  of  <xjq  given  in  Tables  4-6  and  4-7.  This  indicates  that 
the  value  of  may  be  fixed  at  some  value  before  fitting  the  data, 
which  would  be  especially  useful  when  the  data  base  is  small.  In  the 
limit  that  ctjQ  equals  zero,  the  NRTL  equation  becomes  equivalent  to 
the  simple  solution  model.  Note  that  as  ajQ  is  near  zero  (0+  or  0~), 

the  standard  deviation  is  still  in  the  broad  minimum.  It  was  shown, 

however,  that  the  predicted  results  of  the  ternary  phase  diagram  were 
relatively  poor  with  this  set  of  parameters.  Each  of  the  models  used 

to  fit  the  combined  data  set  was  also  used  to  fit  each  of  the  data 

sets  (phase  diagram,  enthalpy  of  mixing,  and  component  activity) 
individually.  These  results  were  used  to  investigate  the  cross- 
predictive  abilities  of  the  various  models,  and  are  discussed  in  the 
next  section. 


4.6  Data  Cross-Prediction  in  Ill-Sb  Systems 
It  is  often  found  that  a complete  data  base  is  unavailable  for  a 
particular  system  of  interest.  A common  approach  is  to  use  a 
solution  model  to  represent  the  experimental  data  and  then  to 
calculate  the  undetermined  properties  with  the  "best  fit"  model 
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parameters.  The  equation  of  a solution  model  also  serves  as  a 
continuously  smooth  function  by  which  interpolation  between  points  in 
a data  base  and  extrapolation  of  data  are  made  possible.  In  the 
previous  section,  the  ability  of  various  solution  models  to  represent 
a combined  data  set  was  examined.  In  this  section,  the  possibility 
for  cross-prediction  with  the  parameters  obtained  from  a single 
property  data  base  fit  is  examined.  If  the  model  parameters  are 
physically  significant,  the  set  of  parameters  used  to  represent  the 
liquidus  temperature  for  a specific  system  should  be  in  close 
agreement  with  the  parameters  used  to  represent  the  liquid  phase 
enthalpy  of  mixing  and  component  activity.  It  is  found  that  none  of 
the  models  considered  here  possess  this  property.  The  very  different 
values  of  the  parameter  sets  indicate  the  lack  of  ability  of  the 
models  to  correctly  describe  the  physical  situation. 

Firstly,  a situation  involving  only  a single  type  of  data  is 
considered.  Sk jold-Jjirgensen  et  al . (218)  and  Hanks  et  al.  (219) 
attempted  to  predict  either  VLE  (vapor-liquid  equilibrium)  data  from 
4Hm  information  or  data  from  only  one  isothermal  set  of  VLE 
information  for  several  organic  systems.  They  concluded  that  in  some 
cases  the  cross  prediction  may  be  possible  with  the  original  local 
composition  models  (T-independent  parameters).  This  is,  however,  not 
the  general  case.  A significant  improvement  on  cross-prediction  can 
be  made  by  the  introduction  of  temperature  dependent  interaction 
parameters  and,  of  course,  requires  a non-iso  thermal  data  base  to 
estimate  parameters.  Several  models  mentioned  above  have  been  used 
to  cross-predict  properties  for  the  systems  considered  in  this 
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study.  Figures  4-15  and  4-16  show  the  results  obtained  from  model 
parameters  determined  by  fitting  the  Al-Sb  liquidus.  As  shown  in 
Figure  4-15,  the  calculated  activities  in  the  Al-Sb  system  are  always 
qualitatively  correct  with  the  exception  of  the  values  of  a^ 

(xai  ~0 . 55 ) calculated  from  the  Scatchard-Hamer  equation,  which 

exhibits  positive  deviation  from  ideal  behavior.  Note  that  the 
agreement  is  good  for  both  the  RAS  and  simple  solution  models,  while 
the  Wilson  equations  yield  values  which  are  considerably  more 
negative  than  the  experimental  values.  The  results  for  the  enthalpy 
of  mixing  predictions  are  less  satisfactory.  As  plotted  in  Figure 
4-16  for  the  Al-Sb  system,  the  results  of  the  RAS  equation  are 
correct  in  sign  but  wrong  in  magnitude,  while  the  other  models  give 
results  that  are  of  the  wrong  sign. 

Figure  4-17  shows  the  predicted  A1  or  Ga  activity  obtained  from 
parameters  determined  by  fitting  the  Al-Ga  liquidus.  As  can  be  seen, 
the  agreement  is  excellent  for  the  regular  solution  model,  while  the 
NRTL  and  simple  solution  models  show  results  which  are  more  positive 
than  the  experimental  measurements.  Figure  4-13  shows  the  enthalpy 
of  mixing  for  Al-Ga  system  predicted  with  parameters  determined  by 
fitting  the  liquidus.  The  results  of  the  NRTL  and  simple  solution 
models  are  of  the  wrong  sign,  while  the  regular  solution  model  gives 
results  that  are  correct  in  sign  but  wrong  in  magnitude.  In  a 
similar  fashion,  Figure  4-19  shows  the  results  for  the  enthalpy  of 
mixing  obtained  from  model  parameters  determined  by  fitting  the  A1 
activity  (Al-Ga  system).  It  is  seen  that  all  of  the  model 
predictions  are  of  the  correct  sign  but  again  wrong  in  magnitude. 
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Figure  4-15.  Component  activities  for  the  Al-Sb  system  as  predicted 
with  parameters  determined  by  fitting  the  liquidus: 

, RAS  and  simple  solution  (coincident);  — , NRTL; 

Wilson;  — , Scatchard-Hamer ; • and  o.  Ref.  (132). 


A H , cal/g— atom 
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Figure  4-16.  Enthalpy  of  mixing  for  the  Al-Sb  system  as  predicted 
with  parameters  determined  by  fitting  the  liquidus: 

, RAS;  — , NRTL; , Wilson;  — , simple  solution; 

....  Scatchard-Hamer ; o.  Ref.  (132). 
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Figure  4-17.  A1  or  Ga  activity  predicted  with  parameters  determined 
by  fitting  the  liquidus:  — , NRTL;  — , simple 
solution;  — , regular  solution;  o.  Ref.  (113);  o , 
Ref.  (196). 
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Figure  4-18.  Enthalpy  of  mixing  for  the  Al-Ga  system  as  predicted 
with  parameters  determined  by  fitting  the  liquidus: 

, NRTL;  — , simple  solution;  , regular  solution; 

o.  Ref.  (113). 
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Figure  4-19.  Enthalpy  of  mixing  for  the  Al-Ga  system  as  predicted 
with  parameters  determined  by  fitting  the  A1 

activity:  , NRTL;  — , simple  solution; , 

regular  solution;  o.  Ref.  (113). 
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It  is  apparent  from  the  above  results  that  the  model  parameters 
determined  by  fitting  the  liquidus  or  activity  individually  show 
difficulty  in  describing  the  enthalpy  of  mixing. 

Figure  4-20  presents  the  Al-Sb  liquidus  calculated  with 
parameters  determined  using  the  enthalpy  of  mixing  as  a data  base. 

The  results  obtained  from  the  NRTL  equation  are  quite  different  from 
the  experimental  phase  diagram  (the  melting  point  differs  by 
124  K).  Note  that  the  data  set  used  in  generating  Figure  4-20  is 
isothermal,  so  that  the  parameter  temperature  dependence  could  not  be 
determined.  It  is  apparent  that  values  of  the  liquidus  temperature 
are  quite  sensitive  to  the  representation  of  the  thermodynamic  data. 

The  results  shown  above  for  the  attempted  cross-predictions  from 
a single  kind  of  data  were,  in  general,  unsatisfactory.  This  is  not 
surprising  since  two  of  the  data  sets  are  needed  to  thermodynamically 
predict  the  third  (187).  Next,  the  case  in  which  two  of  three 
individual  data  sets  (t"*,  AHm,  a])  are  available  is  considered;  model 
parameters  determined  by  a fit  of  the  three  possible  pairs  of  data 
sets  may  then  be  used  to  predict  the  third.  The  results  for  the 
Al-Sb  system  are  shown  in  Figures  4-21  to  4-23  for  the  predicted 
liquidus  temperature,  enthalpy  of  mixing,  and  component  activity, 
respectively.  It  is  seen  that  the  agreement  between  the  calculated 
values  and  experimental  data  is  still  poor.  This  is  expected  for  the 
Al-Sb  system  because  none  of  the  models  considered  here  can  represent 
the  combined  data  set  well. 
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Figure  4-20.  Al-Sb  liquidus  predicted  from  parameters  estimated  by 

fitting  the  enthalpy  of  mixing:  , NRTL; , 

UNIQUAC; — , Scatchard-Hamer ; — , simple  solution;  o. 
Ref.  (181);  +,  Ref.  (182);  □ , Ref.  (183);  A,  Ref. 

( 1B4) ; £ , Ref.  (132);  o > Ref.  (185). 
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Figure  4-21.  Al-Sb  liquidus  predicted  from  parameters  estimated  by 

fitting  the  A1  activity  and  enthalpy  of  mixing:  , 

NRTL;  , Scatchard-Hamer ; — , simple  solution;  o. 

Ref.  (181);  +,  Ref.  (182);  a.  Ref.  (183);  A,  Ref. 
(184);  * , Ref.  (132);  $ , Ref.  (185). 


A H , cal/g-atom 
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Figure  4-22.  Enthalpy  of  mixing  A1  and  Sb  predicted  from  parameters 

estimated  by  fitting  the  liquidus  and  A1  activity:  

NRTL;  — , simple  solution;  o.  Ref.  (132). 
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Figure  4-23 


AT  or  Sb  activity  predicted  from  parameters  estimated 

by  fitting  the  liquidus  and  enthalpy  of  mixing:  , 

NRTL;  — , simple  solution;  o,».  Ref.  (132). 
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4.7  Improved  Methods  for  Data  Cross-Prediction 
As  mentioned  previously,  a model  in  which  the  parameters  have  a 
unique,  physical  significance  may  be  expected  to  provide  reasonable 
cross-predictions;  this  is  obviously  not  the  case  for  any  of  the 
models  considered  here.  However,  the  results  of  the  combined  data 
set  fits  for  some  systems  studied  here  show  that  a set  of  parameters 
could  be  found  which  accurately  describe  all  of  the  available  data. 

It  is  apparent  that  the  problem  lies  in  the  nonuniqueness  of  the 
model  parameters.  It  should  be  possible  to  improve  cross-predict 
capabilities  by  fixing  the  model  parameter  values  at  well -determined 
experimental  data  points.  Presented  here  is  an  improved  method  of 
predicting  the  liquidus  of  the  binary  systems  by  fixing  one  or  two 
parameters  based  on  the  individual  activity  and  enthalpy  of  mixing 
fits  or  the  double  data  set  fit  of  the  models  at  the  individual 
melting  points  and  eutectic  point  or  both  points  of  the  binary 
compound. 

Case  A:  One  Parameter  Fixed  at  tIc  (Melting  Temperature 

of  the  Compound  IC) 

Equation  (2-91)  at  is  reduced  to  the  following  result: 

9IC(TmC)  = 1nCaj1  (T^C,x|=0.5)]  + ln[a^(T^C,xJ=0.5)]  (4-70) 

Upon  substitution,  an  expression  for  the  activities  into  Equation 
(4-70),  a relation  between  the  parameters  is  obtained.  For  the  case 
of  the  simple  solution  model  with  the  interchange  energy  w = a + bT, 
the  following  expression  results: 
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a * 2RT>IC(TmC)  + ln  ««-«> 

where  R is  the  gas  constant.  Moreover,  substituting  Equation  (4-71) 
back  into  the  expression  for  the  activity  coefficient  eliminates  one 
adjustable  parameter  in  the  model.  In  a similar  manner,  the 
following  relation  results  for  the  NRTL  equation: 


rt™C([9ic(C)+’"4>tici:' 


IC, 


exp('2“icTic) 


a = 


exP(-aICTic) 

o H 2 

[l+exp(-aICTIC)]  [l+exp(-aICTIC);r 


■]} 


exp(-aiCTci) 

Cl+exp(-aI(.TCI )]' 


exp(-2aictci) 

[l+exp(-aIcxCI)]< 


- bT 


IC 


where 


x = (a  + bT^C)/(RT^C) 
Cl  mm 

V = (c  + dT^C ) / ( RT^C ) 
it  mm 


(4-72) 


(4-73) 

(4-74) 


It  is  apparent  that  the  constraint  Equation  (4-72)  is  implicit  in  the 
parameters  a,  b,  c and  d and  can  be  solved  by  numerical  techniques. 
Case  8:  One  Parameter  Fixed  at  T?  (Eutectic  Temperature) 

Either  Equation  (2-91)  or  (4-14)  can  be  used  as  a constraint 
equation  for  this  case.  If  Equation  (2-91)  is  used,  an  equation 
similar  to  Equation  (4-70)  is  obtained  as  follows: 


9IC(Te)  = 1 nCa j (Te , xj  =x^ ) H + ln[aJ(Te,xJ=l-x^)] 


(4-75) 
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where  x]  is  the  eutectic  composition  of  the  component  I.  For  the 
case  of  the  simple  solution  model.  Equation  (4-75)  is  reduced  to  the 
following  result: 


a 


Hx’)2  + <l-x’)2] 


(4-76) 


On  the  other  hand,  if  Equation  (4-14)  is  applied,  we  have 


0c(Te)  = ln[aJ(Te,xJ=l-x^)]  (4-77) 

For  the  simple  solution  model.  Equation  (4-77)  can  then  be  expressed 
as 


a 


RT 


<xe> 


(fVV 


1 n ( 1-x  ) ] - bT 
e e 


(4-78) 


Similarly,  for  the  NRTL  equation,  if  we  introduce  the  expression  for 
the  activity  coefficient  given  by  Equation  (4-34),  Equations  (4-75) 
and  (4-77)  can  be  written  as 


, x,exp(— « x ) 

RTe1[  ic(Te)-1n(xix2l]-Tci[;—"".::_,  + 


xlexP(-2<,ICICI>  ]} 


C = 


[x2+x1exp(-aicxci)]  tx2+xiexP(_aicTCI)^ 


x2axp(-2clcxlc) 


xiexp(-°‘icTic) 


2 2 
[x1+x2exp(-aicric)]  [x1+x2exp(-ctICTIC)] 


(4-79) 
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and 


RTe{x2  C9c(Te)-1n  Xj]  tci 


exp('IIicTic) 


C = 


[Xg+X^xpl-a  tc  )]‘ 


rl 


exp(‘2“lCTIC] 


- dT. 


(4-80) 


[xltx2exp(-«lcr!c)]2 

where 

tci  = (a  * 

(4-81) 

TIC  = (c  + dTe)/(RTe) 

(4-82) 

1 . 1 

X,  = x„  = 1 - X 
1C  e 

(4-83) 

and 

x = x!  = x1 
2 I e 

(4-84) 

Again,  Equations  (4-79)  and  (4-80)  are  implicit  relations  for  the 
parameters  a,  b,  c and  d.  With  either  constraint  equation  (4-79)  or 
(4-80),  one  or  two  adjustable  model  parameters  can  be  eliminated. 
Case  C:  Two  Parameters  Fixed  at  and  Ta 

Two  different  equation  sets  are  considered  as  constraint 
equations  for  this  case.  One  is  Equations  (4-70)  and  (4-75)  and  the 
other  is  Equations  (4-70)  and  (4-77).  The  computational  procedure 
for  this  case  is  more  complicated  than  that  for  case  (A)  or  (B). 

Table  4-8  shows  all  possible  permutations  of  one  or  two 
parameters  fixed  at  the  individual  melting  point  ( Tm ) and  eutectic 
point  (Te)  or  both  points  of  a binary  IC  compound  for  the  simple 
solution  model.  The  parameters  sets  determined  with  additional 
constraint  equations  (4-70),  (4-75),  or  (4-77)  for  both  the  NRTL 
equation  and  the  simple  solution  models  are  listed  in 
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Table  4-8.  Summary  of  cases  studied  with  fixing  one  or  two 

parameters  from  the  equilibrium  condition  at  the  compound 
melting  point  and  the  Sb-rich  eutectic  point  or  both 
points  for  the  simple  solution  model. 


Number  of 
Parameters 
Fixed 

Case 

Number 

Equation(s)  Used 

'"(2-91) 

(4-70) 

(4-75) 

(4-77) 

0 

1 

★ 

2 

★ 

1 

3 

k 

4 

★ 

5 

* 

k 

2 

6 

★ 

* 

Table  4-9.  Results  of  cases  listed  in  Table  4-8  with  parameters  estimated  by  fitting  the  group  III 
activity  and  enthalpy  of  mixing  for  the  In-Sb  and  Ga-Sb  systems. 


161 


-O 

I 

CJ3 


jQ 

OO 

I 


CO 

P- 

co 

CO 

o 

• 

• 

• 

• 

1 

I 

D 

00 

CO 

CO 

T— H 

CO 

CO 

CO 

o 

r-H 

<1) 

r— 

co 

CTi 

CO 

r— H 

r-H 

r-H 

o 

to 

CO 

r-H 

CO 

00 

CNJ 

e 

C\J 

o 

o 

r— 

tH 

t— H 

r— H 

r-H 

CT» 

<T3 

1 

1 

1 

1 

r— H 

CJ 

1 

» — - 

JD 

<V 

i — 

o 

p^ 

CNJ 

CNJ 

CO 

OV 

E 

• 

• 

• 

• 

' — 

CNJ 

cnj 

CNJ 

p^ 

o 

o 

1 

00 

CO 

CO 

co 

p- 

03 

<T3 

ov 

CTi 

(T> 

LO 

co 

U 

1 

i 

1 

1 

r-H 

co 

r— H 

r-H 

CO 

CNJ 

CO 

O 

• 

• 

• 

• 

| 

| 

CO 

o 

CO 

CO 

co 

CO 

cu 

r— 

C\J 

CO 

LD 

CO 

o 

CO 

o 

co 

co 

CO 

i-H 

00 

o 

E 

co 

LO 

LO 

r-H 

r-H 

• 

• 

• 

• 

• 

• 

1 

CNJ 

r-H 

r-H 

CNJ 

r-H 

LO 

<T3 

1 

1 

| 

| 

cr> 

U 

i 

■ 

JD 

CJ 

r— 

o 

CO 

co 

CO 

CO 

co 

E 

• 

• 

• 

• 

• 

• 

CNI 

oo 

p^ 

o 

CO 

LO 

i — 

CD 

LO 

LO 

co 

CVJ 

co 

to 

CO 

LO 

cr> 

CNJ 

(J 

CVJ 

CNJ 

CNJ 

CNJ 

CNJ 

CNJ 

• — 

1 

1 

1 

I 

i 

P^ 

<T3 

<D 

CO 

fC 

r-H 

CNJ 

CO 

LO 

CO 

O 

In-Sb  and  Ga-Sb  systems. 


162 


Cl> 

sz 

4-> 

o 


CTb 


-a 

c 

03 


CM 

r^- 


co 

C 

o 

•r— 

CO 

c 

LU 


c 


<T3 

+-> 

CO 

c 

O 

a 


03 

c 

o 


-c 

"O 

<o 


I 


<D 


_Q 

<o 


LO 

CO  lo 

cc 



r-H 

*3- 

t3" 

CO 

CO 

O 

Ob  r-H 

LO 

o 

r-H 

LO 

00 

Ob 

o 

• 

• 

o 

co 

CO 

CO 

CM 

1 — 

o 

r-H 

r-H 

r-H  r-H 

CO 

CM 

LO 

CM 

CM 

LO  Ob 

00 

r-H 

*3" 

O 

Ob 

CM 

CM  r-H 

r-H 

CM 

LO 

co 

Ob 

*— H 

o 

o 

O 

CM  CO 

o 

o 

CM 

o 

CO 

co 

►—1 

• 

• 

• • 

• 

• 

• 

• 

• 

• 

• 

a 

O 

o 

O O 

o 

o 

o 

1 

O 

o 

1 

o 

i 

o 

1 

<D 

r— 

CO 

CO 

o ta- 

Ob 

LO 

00 

00 

o 

Ob 

r-H 

Ob  LO 

CO 

CO 

•^r 

^3- 

T3  E 

O 

r-H  CM 

co 

1 — 

• 

• 

• • 

• 

• 

• 

• 

r— 

CO 

o 

<3-  CO 

Ob 

CO 

r— H 

Ob 

o 

o 

o 

03 

1 

1 1 

cj 

_ 

CD 

i — 

LO 

Cb 

<3-  r— H 

O 

r-H 

Ob 

r— H 

CM 

r^- 

O 

• 

• 

• • 

• 

• 

• 

• 

• 

• 

• 

E 

o 

Ob 

LO  LO 

r^» 

o 

co 

^3" 

CO 

o 

r-H 

o \ 

CO 

CM 

CM  ^3- 

co 

CM 

LO 

LO 

r^. 

CO 

LO 

r— - 

r-H 

CO 

CO  Ob 

^3* 

*3* 

LO 

LO 

<o 

Ob 

^3- 

CM  r-H 

LO 

r-H 

r-H 

CM 

CM 

CM 

cj 

1 

t-H 

1 1 

r-H 

*— H 

1 

| 

1 

1 

i 

1 

1 

1 

<d 

r— 

LO 

LO 

LO  CM 

CO 

Ob 

Ob 

o 

CO 

LO 

co  ^ 

LO 

Ob 

CO 

r— H 

JO  E 

CM 

r-H 

CO  <3- 

r-H 

LO 

LO 

Ob 

• 

• 

• • 

• 

• 

• 

• 

r— 

o 

*3" 

r-H 

CM 

LO 

CO 

CO 

o 

o 

O 

<o 

1 

1 

! 

rH 

| 

1 

r— H 

(J 

| 

1 

a> 

r— 

CO 

r-H 

CO 

r-H 

r>. 

CO 

00 

r- 

o 

• 

• 

• • 

• 

• 

• 

• 

• 

• 

• 

E 

LC 

*3- 

LO 

CM 

CO 

CM 

CO 

LO 

Ob 

05  ^ 

CO 

CO 

LO  O 

Ob 

CM 

Cb 

CM 

LO 

CM 

00 

1 — 

CO 

CO 

LO  CM 

Ob 

*3" 

Ob 

1^- 

LO 

LO 

03 

r-H 

LO 

cm 

*3* 

CM 

«— H 

<J 

rH 

r-H 

r-H 

r-H 

r-H 

1 

1 

1 

' 

t- 

<D 

<J 

CJ 

O 

* 

* 

-*->  -a 

■a 

“O 

T3 

* 

o 

* 

e x 

03 

c 

03  C 

03 

C 

* 

TO 

03 

* 

03 

03 

03 

03 

c 

03 

S.  Lx- 

03 

03 

03 

03 

03 

Q_ 

03 

a; 

CO 

03 

to 

TO 

CO 

c 

C 

03 

X 

X 

03 

X 

X 

03 

•r— 

•r— 

• r— 

•r— 

4-> 

C 

E 

c 

E 

03 

E 

03 

E 

03 

t— < 

m 

K-H 

m 

CO 

m 

CO 

m 

Q 

03 

< 

03 

< 

03 

< 

03 

< 

E 

a) 

JD 

JD 

■M 

un 

GO 

CO 

i 

| 

>1 

c 

03 

oo 

>— » 

CO 

The  enthalpy  of  mixing  measured  by  Gambino  and  Bros  (131)  and  **  by  Predel  and  Stein  (127). 
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Tables  4-9  and  4-10  for  the  Ga-Sb  and  In-Sb  systems.  It  should  be 
mentioned  here  that  the  convergence  for  the  NRTL  equation  used  in 
case  (C)  is  slower  than  that  in  case  (A)  or  (B).  Also,  no  adjustable 
parameter  exists  for  the  simple  solution  model  in  case  (C).  The 
goodness  of  the  fit  for  each  case  is  also  indicated  by  the  overall 
standard  deviation,  ag,  which  was  calculated  for  the  data  set  used  in 
the  parameter  estimation  for  each  model.  As  shown  in  Table  4-9,  the 
standard  deviation  for  case  1 (without  any  parameters  fixed)  is 
almost  the  same  or  even  larger  than  that  for  cases  2 and  3 for  which 
one  parameter  is  fixed  at  either  the  compound  melting  temperature  or 
Sb-rich  eutectic  point  and  calculated  with  the  liquidus  equation. 

This  substantiates  the  characteristic  nonuniqueness  of  the  model 
parameters.  Note  that  the  standard  deviation  for  case  4,  for  which 
the  fixed  parameter  is  calculated  with  Sb  component-rich  liquidus 
equation,  is  about  2.5  times  higher  than  that  for  the  cases  1,  2,  and 
3.  As  can  be  seen  later,  this  discrepancy  is  mainly  due  to  the 
incorrect  representation  of  the  activity  coefficient,  which  is  quite 
sensitive  to  the  calculation  of  the  liquidus.  The  standard  deviation 
for  cases  5 and  6 is  not  listed  in  Table  4-9  for  the  Ga-Sb  and  In-Sb 
systems  because  two  constraint  equations  can  be  used  to  solve  two 
adjustable  parameters.  Thus,  no  experimental  measurements  are  needed 
to  estimate  the  parameters.  Of  course,  the  standard  deviation  for 
each  case  can  be  evaluated  by  its  definition  but  the  calculation  here 
is  not  performed  here. 

Because  the  NRTL  equation  has  4 (or  5)  parameters  (T-dependent) , 
there  exists  more  possible  permutations  of  these  parameters  fixed  at 
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Tm  or  "*"e  or  both  01:9  III-V  binary  compound  for  the  NRTL  equation 
than  those  for  the  simple  solution  model.  Table  4-10  lists  several 
cases  for  the  Ga-Sb  and  In-Sb  systems.  Parameters  b and  d are  zero 
for  isothermal  Ga  activity  and  enthalpy  of  mixing  of  the  Ga-Sb 
system.  The  nonrandomness  parameter,  “jq,  was  considered  as  a 
variable  on  the  calculation.  The  unit  of  the  standard  deviation  for 
the  enthalpy  of  mixing  in  each  case  is  in  cal /mole.  As  in  the  case 
of  the  simple  solution  model,  the  standard  deviation  for  these  cases 
shown  in  Table  4-10  is  almost  the  same  or  even  smaller  than  those 
given  by  Aselage  et  al . (187).  This  again  shows  the  nonuniqueness 
characteristic  of  the  model  parameters. 

The  predicted  phase  diagram  calculated  with  parameters  listed  in 
Table  4-9  (simple  solution  model)  are  displayed  in  Figures  4-24  and 
4-25  for  the  In-Sb  system  and  in  Figures  4-26  and  4-27  for  the  Ga-Sb 
system.  In  a similar  manner,  the  liquidus  temperature  calculated 
with  parameters  listed  in  Table  4-10  (NRTL  equation)  are  plotted  in 
Figures  4-28  to  4-30  for  the  In-Sb  system  and  in  Figures  4-31  to  4-33 
for  the  Ga-Sb  system.  An  examination  of  the  results  shown  in  these 
figures  indicates  that  the  parameter  set  determined  with  one  or  two 
parameters  fixed  at  T^  or  T^  and  Te  with  the  liquidus  equation  can 
predict  the  phase  diagrams  well  for  the  two  antimonide  systems. 
However,  the  prediction  of  the  liquidus  temperature  with  the 
parameter  fixed  at  Tg  with  the  component-rich  liquidus  equation  leads 
to  large  errors  as  demonstrated  in  Figures  4-25  and  4-27.  The  error 
is  probably  due  to  an  incorrect  representation  of  the  activity  or  a 
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Figure  4-24.  In-Sb  liquidus  predicted  with  simple  solution 

parameters  listed  in  Table  4-9:  , case  1 

parameters  fixed);  , case  2;  — , case  5;  o 
(118). 


(no 

, Ref. 
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Figure  4-25.  In-Sb  liquidus  predicted  with  simple  solution 

parameters  listed  in  Table  4-9:  , case  3;  — , 

4;  , case  6;  o.  Ref.  (118). 


case 
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Fi gure 


4-26.  Ga-Sb  liquidus  predicted  with  NRTL  parameters  listed  in 
Table  4-9:  — , case  1 (no  parameters  fixed);  — , case 
2;  — , case  5;  o.  Ref.  (130);  A,  Ref.  (48);  , Ref. 

(39). 


Figure  4-27.  Ga-Sb  liquidus  predicted  with  NRTL  parameters  listed 

Table  4-9:  — , case  3;  — , case  4; , case  6;  o. 

Ref.  (130);  A,  Ref.  (48);  □ , Ref.  (39). 
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Figure  4-28.  In-Sb  liquidus  predicted  from  a fit  of  the  In-Sb 
enthalpy  of  mixing:  , NRTL  (no  parameters 

fixed);  , NRTL  (parameter  a fixed  at  TInSt));  — , 
— m 

NRTL  (parameters  a and  c fixed  at  T^n^  and  T , 

m 0 

respectively);  o.  Ref.  (118). 
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Figure  4-29.  In-Sb  liquidus  predicted  from  a fit  of  the  In 

activity: , NRTL  (no  parameters  fixed);  , NRTL 

(parameter  a fixed  at  T*n^^);  — , NRTL  (parameters  a 

Tnck  ill 

and  c fixed  at  and  T , respectively);  o.  Ref. 

(118). 
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Figure  4-30.  In-Sb  liquidus  predicted  from  a fit  of  the  In  activity 
and  enthalpy  of  mixing:  — , NRTL  (parameter  a fixed  at 

T^nSb);  — , NRTL  (parameter  b fixed  at  T*nSb);  , 

NRTL  (parameters  a and  c fixed  at  TInSb  and  T , 
respectively);  o.  Ref.  (118).  m e 
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Figure  4-31.  Ga-Sb  liquidus  predicted  from  a fit  of  the  Ga-Sb 
enthalpy  of  mixing  (131):  — , NRTL  (without  any 

parameter  fixed);  — , NRTL  (parameter  a fixed  at 

p.ru 

Tm  );  o.  Ref.  (130);  A,  Ref.  (48);  □ , Ref.  (39). 
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Figure  4-32.  Ga-Sb  liquidus  predicted  from  a fit  of  the  Ga 
activity:  — , NRTL  (without  any  parameter 

fixed);  , NRTL  (parameter  a fixed  at  T^a^); 
— m 

o,  Ref.  (130);  A,  Ref.  (48);  □ , Ref.  (39). 
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Figure  4-33.  Ga-Sb  liquidus  predicted  from  a fit  of  the  activity  and 
enthalpy  of  mixing:  , NRTL  (parameter  a fixed  at 

-j.GaSb^  — } nrtl  (parameters  a and  c fixed  at  TGa^b 
m m 

and  Tg,  respectively);  o.  Ref.  (130);  A,  Ref.  (48);  q. 

Ref.  (39). 
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bad  value  of  9q.  Note  that  the  predicted  liquidus  temperature  on  the 
Sb-rich  end  for  the  In-Sb  system  in  all  cases  is  always  lower  than 
the  experimental  data.  The  discrepancy  is  a result  of  the  predicted 
Sb  activity  being  too  low.  This  point  is  illustrated  in  Figures  4-34 
and  4-36  for  the  simple  solution  model  and  NRTL  equation, 
respectively.  It  is  also  shown  in  Figures  4-34  and  4-36  that  the 
predicted  In  activity  is  too  high.  Thus,  the  good  results  for  the 
predicted  phase  diagram  are  obtained  because  of  the  lower  Sb  activity 
being  compensated  by  the  higher  In  activity.  Shown  in  Figures  4-35 
and  4-47  as  a dashed  line  is  the  phase  diagram  calculated  by 
incorporating  the  Sb  activity  error  (AaSb  in  Table  4-11)  into  the  Sb- 
rich  end.  As  can  be  seen,  the  results  of  these  calculations  show 
excellent  agreement  with  the  experimental  data.  Table  4-11  shows  the 
sensitivity  (AT1  vs  Aa<~b)  of  the  calculation  of  the  Sb-rich  liquidus 
curve  for  the  In-Sb  system.  It  is  clear  from  Table  4-11  that  the 
calculated  Sb-rich  liquidus  curve  is  very  sensitive  to  the  liquid  Sb 
activity. 

Note  that  the  technique  presented  here  makes  it  possible  to 
predict  the  phase  diagram  from  only  isothermal  enthalpy  of  mixing 
data  or  from  component  activity  data  alone.  As  shown  above,  the 
analysis  with  the  techniques  presented  here  allows  the  prediction  of 
binary  phase  diagrams  and  shows  excellent  agreement  with  the 
experimental  results.  The  calculational  methods  were  extended  to  a 
description  of  the  complete  ternary  system  phase  diagram  and  again 
good  consistency  with  experimental  liquidus  and  solidus  data  was 
found. 
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Figure  4-34.  Component  activities  in  the  In-Sb  system:  , NRTL, 

activity  fit  (parameters  and  and  c fixed  at  TInSb  and 

m 

Te»  respectively),  — , simple  solution  model  (case  1); 
o.  Ref.  (120);  □ , Ref.  (188) (900  K). 
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Figure  4-35.  In-Sb  liquidus  predicted  from  a fit  of  the  In  activity 
and  enthalpy  of  mixing:  — , simple  solution  model 
(case  1);  — , simple  solution  model  (case  1) 
incorporating  activity  error  on  the  Sb-rich  side;  o, 
Ref.  (118). 
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Figure  4-36.  Component  activities  in  the  In-Sb  system  calculated  by 
the  NRTL  equation:  , activity  fit  (parameters  a and 

I nS  b 

c fixed  at  and  Tg,  respectively);  — , enthalpy 

of  mixing  fit  (parameter  a fixed  at  T*nSb);  o.  Ref. 
(120);  □ , Ref.  (188)  (900  K). 
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Figure  4-37.  In-Sb  liquidus  predicted  from  a fit  of  the  enthalpy  of 

mixing:  — , NRTL  (parameter  a fixed  at  TInSb);  — - 

I nS  h ^ 

NRTL  (parameter  a fixed  at  D)  incorporating 
activity  error  on  the  Sb-rich  side;  o.  Ref.  (118). 


Table  4-11.  Sensitivity  analysis  of  the  Sb-rich  and  liquidus  change,  at,  versus  the  liquid  activity 
change,  Aa^,  with  the  simple  solution  model  for  the  In-Sb  system. 
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4.8  Calculation  of  Confidence  Ellipses 

The  "best  fit"  parameter  covariance  matrix  provided  by  the 

maximum  likelihood  algorithm  allows  the  calculation  of  parameter 

confidence  ellipses.  The  covariance  matrix  (error  matrix)  specifies 

the  variances  and  covariances  of  the  parameters.  The  diagonal 

elements  of  the  error  matrix  represent  the  variances  of  the 

parameters  while  the  off-diagonal  elements  represent  the 

covariances.  The  error  matrix  is  symmetric,  i.e.,  a.- i = a--.  Given 

* J J 1 

the  maximum  likelihood  best  estimates  (expected  or  mean  values)  of 
the  parameters  £*  (y-dimensional  real  vector),  and  the  parameter 
error  (covariance)  matrix  E (yxy  matrix),  the  probability  that  the 
true  values  of  the  parameters  £ (y-dimensional  real  vector)  will  be 
found  within  the  hyperparabol ic  contour 

X2(c)  = xV)  + k , (4-85) 

termed  R^,  is  given  by 

Pr[c  inside  Rk]  = Pr[x2(c)  < k]  (4-86) 

As  discussed  by  Meyer  (220)  for  the  bivariate  normal  distribution, 
the  x table  for  x (2)  can  be  used  to  get  the  results  in  Table 
4-12.  Equation  (4-85)  represents  a quadratic  surface  or 
hyperparabol id  in  (y  + 1)  dimensional  space  and  can  be  rewritten  as 


2 , . 2 * * t -i  * 

x - ~ xmin  - ) = - c ) E (c  - c ) = k 


(4-87) 
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Table  4-12.  The  probability  of  finding  the  true  value  (a , b ) within 
the  elliptical  contour  x2 (a ,b ) = x^in  + k for  several  k 
values. 


Pr(a,b)  inside 

k 

0.394 

1 

0.632 

2 

0.777 

3 

0.865 

4 

0.918 

5 

0.950 

6 

0.970 

7 

0.982 

8 

0.989 

9 

Source:  Reference  (220). 
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Here,  we  might  say  that  the  parameter  set  £ is  contained  within  the 
region  defined  by  Rk  with  (100  X k)i  confidence. 

Note  that  the  x2-distribution  is  a normal  distribution,  which 
has  two  important  features  (221):  (a)  Any  section  through  the 

distribution,  say  at  C.  = constant,  gives  a normal  distribution  in 
Y-l  dimensions  of  the  form  (4-87),  with  covariance  matrix  E 

~Y“1 

obtained  by  removing  the  i^1  row  and  column  of  E ^ and  inverting  the 
resultant  submatrix;  (b)  Any  projection  onto  a lower  space  gives  a 
marginal  distribution  which  is  again  normal,  of  the  form  given  by 
Equation  (4-87),  with  the  covariance  matrix  obtained  by  deleting 
appropriate  rows  and  columns  of  E.  Thus,  it  is  easy  to  calculate  the 
degree  of  the  correlation  between  any  two  of  the  adjustable 
parameters  in  the  model.  As  an  example,  the  simple  solution  model, 
w = a + bT,  has  two  adjustable  parameters  a and  b.  Equation  (4-87) 
is  reduced  to  the  general  equation  of  an  ellipse,  called  the 
covariance  ellipse: 


2 


X.X9  X„  2 

2p  + (-£■) 

a cr,  a. 
a b b 


(1  - P2)k 


(4-83) 


In  the  above  equation,  p(=  aab/aaab)  is  the  correlation  coefficient 
between  parameters  a and  b,  and  X^(=  a - a*)  and  X2(=  b - b*)  are  the 
deviations  in  a and  b,  respectively.  This  ellipse  has  a center  of 
symmetry  at  (a*,b*)  and  its  principal  axes,  a',b‘,  make  an  angle,  0, 
with  the  a,b  axes.  The  angle  is 


i i 2pa  o 

0 = 7 1—  2I 

aa  - ab 


(4-89) 
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If  we  consider  <ra,  ab,  a*,  b*  fixed  and  let  p vary,  different 
covariance  ellipses  result,  but  all  are  inscribed  within  a rectangle 
bounded  by  the  lines 


a = a*  + a 


(4-90) 


a 


b = b*  + CJ 


b 


(4-91) 


Two  limiting  cases  are  obtained  from  Equation  (4-88).  if  p = 0, 
that  is,  a and  b are  uncorrelated,  then  Equation  (4-88)  is  reduced  to 
the  following  expression: 


which  is  an  ellipse  in  the  a,b  plane  centered  on  (a*,b*)  and  with 
principal  axes  parallel  to  the  coordinate  axes.  For  k = 1,  the 
semimajor  and  semiminor  axes  of  the  ellipse  are  aa,ab,  respecti vely, 
if  a a > (7^.  For  the  case  p = ±1,  we  have  perfect  correlation  between 
a and  b;  Equation  (4-88)  becomes 


X,  2 2 


(4-92) 


a abb 


(4-93) 


or 


X 


1 


a 


a 


(4-94) 
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which  is  the  equation  of  a straight  line  along  one  of  the  two 
diagonals  of  the  rectangle. 

It  is  clear  from  the  discussion  above  that  both  the  shape  and 
the  magnitude  of  the  ellipse  provide  information  about  the  degree  of 
the  correlation  between  the  estimated  parameters  and  the  bounds  of 
the  true  values  of  the  parameters,  respectively.  If  the  ellipse  is 
quite  narrow  and  elongated,  this  indicates  a high  degree  of 
correlation  between  the  parameters.  In  cases  where  the  parameters 
a,b  are  uncorrelated,  the  principal  axes  of  the  ellipse  are  parallel 
to  the  coordinate  axes.  In  other  words,  a and  b can  be  determined 
independently.  Note  that  this  is  true  for  the  model  with  only  two 
adjustable  parameters  (e.g.,  the  simple  solution  model).  However, 
this  is  not  always  true  for  the  model  with  more  adjustable  parameters 
(e.g.,  NRTL  equation  with  four  or  five  adjustable  parameters)  because 
any  two  of  the  parameters  may  correlate  to  each  other.  The  values  of 
R-jj  in  Equation  (4-66)  have  little  effect  on  the  estimated 
parameters,  but  they  do  change  the  parameter  covariance  matrix  values 
calculated  by  the  algorithm  because  the  elements  of  the  covariance 
matrix  are  functions  of  R-jj.  For  the  same  confidence  level  and 
measurement  error,  the  smaller  the  confidence  ellipse  is,  the  better 
the  model  is.  Note  that  the  regions  of  the  ellipse  become  smaller  as 
the  standard  deviation  becomes  smaller  or  as  the  number  of 
experimental  measurements  becomes  larger. 

Figure  4-38  shows  the  contours  of  the  four-dimensional  surface 

projected  onto  the  b-d  plane  for  the  NRTL  equation  with  two 

IC 

parameters  a and  c fixed  at  T^  and  T , respectively.  The  ellipses 


% change  in 
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% change  in  b 


Figure  4-38.  Covariance  ellipses  showing  that  sections  of  the  four- 
dimensional surface  are  plotted  versus  b and  d with 
different  values  of  confidence  level  for  the  NRTL 
equation  activity  fit  with  two  parameters  a and  c fixed 
I n S b 

at  Tm  and  Te’  resPectively>  In-Sb  system:  , 39%; 

— , 87%;  , 99%  confidence  level. 
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shown  for  different  values  of  confidence  level  are  derived  from  the 
In-Sb  activity  fit.  The  correlation  coefficient  between  b and  d 
equals  -0.589.  It  is  apparent  from  this  figure  that  the  elliptical 
region  gets  smaller  when  the  confidence  level  becomes  lower.  In  a 
similar  manner.  Figures  4-39  and  4-40  show  the  intersection  of  the 
89%  hyperellipsoid  with  the  c-d  and  b-d  planes,  respectively.  The 
ellipses  shown  are  obtained  from  the  In-Sb  combined  activity  and 
enthalpy  of  mixing  data  set,  activity,  and  enthalpy  of  mixing  fits. 

As  shown  in  Figure  4-39,  the  correlation  coefficients  between  c and  d 
are  0.27,  0.56,  and  -0.81  for  the  activity,  enthalpy  of  mixing,  and 
combined  activity  and  enthalpy  of  mixing  data  set  fits, 
respectively.  Note  that  the  elliptical  region  in  Figure  4-39  gets 
smaller  for  the  combined  activity  and  enthalpy  of  mixing  fit,  while 
the  correlation  coefficient  between  c and  d gets  higher.  It  is  clear 
from  Figure  4-40  that  the  high  degree  of  correlation  between  the 
parameters  b and  d is  seen  in  the  results  from  the  activity  and 
combined  activity  and  enthalpy  of  mixing  data  set  fits,  while  the 
correlation  in  the  enthalpy  of  mixing  expression  between  b and  d is 
perfect  (shown  as  straight  line).  The  results  shown  above  indicate 
that  any  two  of  the  adjustable  parameters  for  the  NRTL  equation 
within  one  or  two  parameters  fixed  at  T^  and  Te  are  strongly 
correlated  or  even  perfectly  correlated.  In  other  words,  these 
parameters  cannot  be  determined  independently. 

In  this  chapter,  a general  formalism  has  been  presented  for  the 
representation  of  the  available  thermodynamic  properties  and  phase 
diagram  for  binary  group  III  — V and  1 1 1 —1 1 1 1 systems.  The  approach 


% change  in 
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% change  in  c 


Figure  4-39.  89%  covariance  ellipses  showing  that  sections  of  the 

five-dimensional  surface  are  plotted  versus  c and  d for 

the  NRTL  equation  with  one  parameter  a fixed  at  TInSb, 

m 

In-Sb  system:  — , activity  and  enthalpy  of  mixing 

fit;  — , activity  fit;  — , enthalpy  of  mixing  fit. 
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% change  in  b 


Figure  4-40.  89%  covariance  ellipses  showing  that  sections  of  the 

five-dimensional  surface  are  plotted  versus  b and  d for 

the  NRTL  equation  with  one  parameter  a fixed  at  TInSt>, 

m 

In-Sb  system:  — , activity  and  enthalpy  of  mixing 

fit; , activity  fit;  — , enthalpy  of  mixing  fit. 
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has  been  applied  to  the  Al-Sb,  Ga-Sb,  In-Sb,  Al-Ga,  Al-In,  and  Ga-In 
systems.  The  results  have  shown  that  none  of  the  solution  models 
considered  here  can  simultaneously  represent  all  of  the  data  (phase 
diagram,  activity,  enthalpy  of  mixing)  in  the  Al-Sb  and  Al-In  systems 
mainly  due  to  highly  asymmetric  phase  diagrams.  It  is  probably 
necessary  to  include  a special  chemical  term  to  properly  describe 
systems  with  association  in  the  liquid  phase.  However,  both  the  NRTL 
equation  and  simple  solution  model  are  able  to  represent  well  the 
Al-Ga  and  Ga-In  systems,  for  which  complete  and  consistent  data  bases 
are  available.  The  "best  fit"  results  of  these  systems  are  presented 
in  Chapter  VI  and  Chapter  VII,  respectively. 

The  results  of  the  attempted  cross-predictions  were 
unsatisfactory  for  the  models  considered  here.  It  was  found  that  the 
problem  mainly  lies  in  the  nonuniqueness  of  the  model  parameters. 
Because  of  this  specific  feature  an  improved  method  was  proposed  to 
predict  the  phase  diagram.  The  prediction  of  the  phase  diagram  from 
the  activity  or  enthalpy  of  mixing  data  alone  is  possible  by  means  of 
this  technique.  This  leads  to  very  poor  results  with  the  original 
models,  even  when  temperature  dependent  parameters  are  introduced. 

The  problem  of  parameter  correlation  is  also  addressed.  The 
correlation  between  the  parameters  usually  is  significant. 


CHAPTER  V 

THERMODYNAMICS  OF  PSEUDOBINARY  SYSTEMS 


As  discussed  in  Chapter  I,  the  objective  is  to  calculate 
multicomponent  phase  diagrams  from  available  binary  phase  diagrams 
and  thermochemical  data  and  pseudobinary  phase  diagrams.  The  problem 
is  divided  into  two  major  tasks:  evaluation  of  the  reduced  standard 

state  chemical  potential  change  for  each  binary  semiconductor  ( 0j q ) 
and  characterization  of  the  solution  behavior  for  both  the  liquid  and 
solid  phases  (Tjq  = yJyq/y|q).  In  the  two  previous  chapters,  the 
problem  of  calculating  9jq  and  the  use  of  solution  models  in  the 
description  of  the  binary  liquid  phase  behavior  were  considered.  The 
model  parameters  obtained  from  these  binary  studies  can  be  used  to 
estimate  the  liquid  phase  activity  coefficients  required  for 
calculation  of  the  multicomponent  phase  diagram.  It  is  also 
necessary  in  performing  such  calculations  to  assign  values  to  the 
solid  solution  activity  coefficients.  These  values  are  usually 
determined  from  a solution  model  with  parameters  estimated  from  a fit 
of  the  pseudobinary  phase  diagram.  A pseudobinary  III -V  system  is 
one  in  which  both  the  liquid  and  solid  solutions  have  the  same  atomic 
numbers  of  group  III  and  group  V elements  and  is  represented  by  the 
general  formula  AX3^_XC  or  ( AC ) x ( BC ) ^_x,  where  A and  B are  from  the 
same  column  of  the  periodic  table. 
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In  this  chapter,  the  solid  solution  behavior  for  the 
pseudobinary  AlSb-GaSb,  AlSb-InSb,  and  GaSb-InSb  systems  is 
addressed.  Two  different  approaches  for  the  calculation  of  the  solid 
interaction  parameters  are  presented.  These  parameters,  in 
conjunction  with  a description  of  the  binary  liquid  solution 
behavior,  are  then  used  to  predict  the  remainder  of  the  ternary  phase 
diagrams  in  Chapter  VI,  the  quaternary  phase  diagram  in  Chapter  VII, 
and  other  thermodynamic  properties.  The  simple  solution  model  and 
NRTL  equation  are  used  to  describe  the  liquid  solution  and  the 
predicted  phase  diagram  and  liquid  thermodynamic  properties  are 
compared  with  the  experimental  values.  In  addition,  the  selected 
models  are  used  to  predict  solid  phase  component  activities  and 
enthalpy  of  mixing  and  to  investigate  the  possibility  of  a solid 
phase  immiscibil i ty  gap. 


5.1  Theory 

In  this  section,  two  different  approaches  are  presented  for 
calculation  of  solid  interaction  parameters  for  the  pseudobinary 
solid  solution  AXB^_XC(S).  The  resulting  expressions  for  the 
liquidus  and  solidus  are  similar  in  both  cases  with  only  a constant 
difference  in  the  numerators  of  the  working  equations.  These  two 
representations  are  thermodynamically  correct;  0jq  and  Tjq  are 
defined  differently  in  each  case. 

5.1.1  Treatment  of  Liquid  Solution  as  a Three  Component  System 
(Method  TT 

Consider  the  pseudobinary  liquid  mixture  as  a three  component 
system.  The  governing  equations  describing  phase  equilibrium  for  a 
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three-component,  two  phases  system  of  the  type  AXB^_XC  are  given  by 
Equations  (2-79)  and  (2-80).  In  the  pseudobinary  system,  these 
equations  are  further  constrained  by  the  requirement  that  in  the 
1 iquid 


XA  + x8  = XC  = °*5  ’ (5-1) 

Substitution  of  the  constraint  Equation  (5-1)  into  Equations  (2-79) 
and  (2-80)  gives  the  impl icit  expressions  for  the  pseudobinary  liquid 
composition  and  the  corresponding  solid  composition  as  follows: 


wl  2 0,5  rBC  exp^  0BC^ 

XA  ’ rflc  «Pl-9AC>  ‘ rBC  exP(-®BC)  ’ 

and 


(5-2) 


0.25  - 


exp  (eBcl 


f7Texp  (eAC>  " 777  exp  (9bc> 


AC 


BC 


(5-3) 


where  is  the  liquid  phase  mole  fraction  of  component  A and  XAC  or 
x is  the  solid  phase  mole  fraction  of  component  AC  and  is  simply 
twice  the  component  A mole  fraction  in  the  solid  phase.  The 
quantities  0jq  and  Tjq  are  defined  by  Equations  (2-49)  and  (2-50) 
with  m = n = 1,  respectively,  i.e.. 


0 


IC 


o,s 

JIC 


- v 


0,1 


RT 


, I = A or  B 


(5-4) 
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and 

Y1  Y1 

rIC  =~^-  . IC  = AC  or  3C  (5-5) 

YIC 

It  is  clear  from  the  above  results  that  the  problem  of  quantitatively 
describing  the  group  III -V  pseudobinary  solid-liquid  phase  diagram  is 
reduced  to  the  simpler  problems  of  describing  the  standard  state 
properties  and  the  liquid  and  solid  mixture  properties  Tjq.  The 
problem  of  the  calculation  of  has  been  investigated  in  Chapter 
III.  The  recommended  values  of  used  here  are  the  same  as  those 
listed  in  Table  3-6. 

The  next  problem  is  to  determine  values  for  Tjq  (usually  is  a 
complex  function  of  temperature,  pressure  and  composition).  A 
commonly  used  procedure  (Panish  and  Ilegems  (16))  for  calculating 
values  of  Tjq  is  to  estimate  first  the  parameters  of  a liquid 
solution  model  from  an  analysis  of  the  three  experimental  binary 
phase  diagrams.  These  models  are  then  extended  to  describe  a ternary 
liquid  without  introduction  of  additional  adjustable  parameters. 
Finally,  solid  solution  model  parameters  are  estimated  by  analysis  of 
the  pseudobinary  phase  diagram  with  the  ternary  liquid  solution 
behavior  (y^,  Yg,  and  Yq  calculated  with  binary  parameters  only).  In 
this  study,  the  available  measurements  of  liquid  component  activities 
and  enthalpy  of  mixing  are  compared  to  the  values  of  these  properties 
predicted  by  the  NRTL  equation  and  simple  solution  model  with  their 
parameters  estimated  from  the  combined  binary  data  alone.  The  simple 
solution  model  for  the  liquid  phase  is  also  used  to  estimate  solid 
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solution  model  parameters  from  a data  base  consisting  of  the 
pseudobinary  phase  diagram.  The  results  are  then  compared  to  the 
reported  phase  diagram.  Since  there  are  no  adjustable  parameters  in 
the  liquid  phase,  the  solid  solution  behavior  determined  in  this  way 
has  been  found  to  be  sensitive  to  the  solidus  data  base  and  the 
assumed  solid  solution  model  and  to  be  insensitive  to  the  liquidus 
data  base. 

5.1.2  Treatment  of  Liquid  Solution  as  a Two  Component  Svstem 
(Method  2)  ~ — 1 

The  treatment  of  liquid  solution  as  a pseudobinary  mixture  of  AC 
and  BC  in  the  calculation  of  the  AXB^_XC  pseudobinary  phase  diagram 
has  been  addressed  by  several  investigators  (20,23).  Upon  equating 
the  chemical  potential  of  each  component  (AC  and  BC)  in  both  phases, 
relationships  similar  to  Equations  (4-5)  and  (4-6)  are  derived,  with 
the  liquidus  and  solidus  composition  given  by 


X 


1 " rBC  exp(_0BC) 


(5-6) 


AC  ' Fic  exP(-0AC)  - rBC  exP<“ek)  ’ 


and 


1 - 


f^:exp(e4c) 


i 


BC 


(5-7) 


Here,  the  0jc  and  rjc  terms  again  represent  a reduced  standard  state 
chemical  potential  change  and  the  relative  liquid  and  solid  deviation 
from  ideal  behavior,  but  they  are  defined  somewhat  differently 
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0,S  0,1 


*IC 


'IC 


TT 


IC  = AC  or  BC 


and 


1 


IC  = AC  or  3C 


(5-8) 


(5-9) 


Choosing  the  standard  state  as  the  pure  component  in  the  state  shown 
in  the  superscript  at  the  temperature  and  pressure  of  interest, 
values  for  ©|q  can  be  calculated  from  the  following  expression 


AH 


T T AC 


eic<T>  ■ IT  <T-  - f>  + If  /t*  C T2 


dT‘ 


(5-10) 


where  AHf  is  the  enthalpy  of  fusion  of  IC,  is  the  melting 
temperature  of  IC,  and  ACp  is  the  difference  in  heat  capacity  between 
the  stoichiometric  liquid  IC  and  the  compound  IC.  Introducing  the 
selected  values  for  these  properties  listed  in  Table  3-2  into 
Equation  (5-10),  we  obtain 


0AlSb  = “°-154  ~ 8635. 0/T  + 0.918  In  T (5-11) 

©GaSb  = 2‘540  " 7155.0/T  + 0.685  In  T (5-12) 

and 

9InSb  = "3*008  " 4683-6/T  + 1.329  In  T (5-13) 

where  T is  the  absolute  temperature  (K).  These  values  along  with  the 


197 


measurements  of  the  pseudobinary  phase  diagram  and  liquid  enthalpy  of 
mixing  are  used  to  estimate  solution  model  parameters.  A major 
difference  in  this  method  is  the  presence  of  adjustable  liquid 
mixture  parameters.  Apparently,  the  values  of  the  solid  interaction 
parameters  depend  on  the  models  used  to  represent  the  liquid  and 
solid  phase  and  on  the  liquidus  and  solidus  data  base. 

5.2  Computational  Procedure 

The  experimental  liquidus  data  (xj,  t]),  solidus  data  (x?  T$), 

J J 

and  liquid  enthalpy  of  mixing  (xj,  AHm)  were  taken  from  tabulations 
or  digitized  from  graphs.  The  binary  liquid  interaction  parameters 
required  for  method  1 are  given  in  Table  5-1.  The  basic  equations 
are  (5-2),  (5-3),  (5-6),  (5-7),  (4-34),  (4-40),  and  those  listed  in 
Table  4-4.  The  fit  of  the  enthalpy  of  mixing  is  quite 
straightforward  because  the  working  equation  is  an  explicit 
constraint  equation.  However,  the  experimental  equilibrium  liquidus 
and  solidus  data  are  usually  not  available  simultaneously.  To  make 
the  one  constraint  problem  still  workable,  the  corresponding 
equilibrium  data,  either  liquidus  or  solidus,  must  be  calculated  in 
advance.  This  can  be  done  by  rewriting  the  two  implicit  working 
Equations  (5-2)  and  (5-3)  or  (5-6)  and  (5-7)  as  follows: 

1 1 s 

xi  = f(x.j , Xj,  T)  i = A(for  method  1);  AC  (for  method  2)  (5-14) 

s Is 

Xj  = f (Xj , Xj,  T)  j = AC(for  method  1 and  method  2) 


(5-15) 


Table  5-1.  Binary  liquid  solution  model  parameters  for  the  simple  and  NRTL  expressi 
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It  is  clear  that  there  are  two  independent  Equations  (5-14)  and 
(5-15)  with  three  unknowns  (xj,  xs.,  T).  Thus,  for  a given 
experimental  measurement  (x],  T)  or  (xj,  T),  the  corresponding 
equilibrium  data  point  (x^,  T)  or  (xj,  T)  can  be  calculated  by  the 
impl ici t equation  (5-15)  or  (5-16).  The  computational  procedures 
employed  here  are  identical  to  those  outlined  in  Chapter  IV  for  the 
eutectic  systems  and  not  repeated  here. 

The  ability  of  the  model  to  describe  the  combined  data  is 
characterized  by  the  overall  weighted  sum  of  squares,  <Jq,  which  was 
defined  by  the  Equation  (4-66).  The  standard  deviation,  a,  of  the 
subset  can  be  calculated  by  Equation  (4-63).  Values  of  • (the 
assumed  measurement  error)  used  in  these  studies  for  the  solidus 
temperature,  liquidus  temperature  and  enthalpy  of  mixing  are  2.3  K, 
2.3  K and  0 . 001* ( RTm ) , respectively.  Here,  R is  the  gas  constant  and 
Tm  1S  the  temperature  at  which  the  enthalpy  of  mixing  is  measured. 

5.3  Data  Base 

5.3.1  AlSb-GaSb  System 

The  combined  data  set  for  the  AlSb-GaSb  system  consisted  of 
liquid  enthalpy  of  mixing,  liquidus  and  solidus  and  was  used  in  the 
parameter  estimation  procedure  for  the  NRTL  equation  and  simple 
solution  model.  The  pseudobinary  liquidus  and  solidus  data  of  Koster 
and  Thoma  (221),  Burdiyan  and  Borschevskii  (222),  Miller  et  al.  (223) 
and  Borschevskii  et  al.  (224)  are  considerably  scattered.  Aulombard 
and  Joullie  (225)  have  measured  the  solidus  over  the  entire 
composition  range  and  the  liquidus  on  GaSb-rich  side.  The  solidus 
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data  of  Borschevskii  et  al.  (224)  are  in  relatively  poor  agreement 
with  the  measurements  of  Aulombard  and  Joullie  (225),  while  the 
solidus  measurements  of  Burdiyan  and  Borschevskii  (222)  are  much 
lower  than  those  obtained  by  Aulombard  and  Joullie  (225).  The 
liquidus  data  of  Aulombard  and  Joullie  (225)  are  in  good  agreement 
with  the  results  of  Miller  et  al.  (223).  Based  on  comparisons  with 
the  other  available  thermochemical  data  (225,  226),  the  liquidus  and 
solidus  results  of  Aulombard  and  Joullie  (225)  and  the  liquidus  data 
of  Miller  et  al.  (223)  have  been  used  in  this  study. 

The  pseudobinary  liquid  enthalpy  of  mixing  has  been  measured  by 
Gerdes  and  Predel  (226).  However,  there  are  no  reported  data  of  the 
pseudobinary  liquid  activity  and  no  reliable  data  of  the 
thermochemical  properties  of  the  pseudobinary  solid  solution.  The 
results  of  Gerdes  and  Predel  (226)  have  been  included  in  the  data 
base  for  these  calculations. 

5.3.2  AlSb-InSb  System 

As  with  AlSb-GaSb,  a data  base  for  the  AlSb-InSb  system 
consisting  of  liquid  enthalpy  of  mixing,  liquidus  and  solidus 
temperatures  was  employed.  The  pseudobinary  liquidus  and  solidus 
data  of  Goryunova  et  al.  (227),  Koster  and  Thoma  (221),  and  Wooley 
and  Smith  (228)  are  quite  scattered.  The  liquidus  measurements  of 
Goryunova  (227)  are  in  general  20-40°K  higher  than  those  obtained  by 
Koster  and  Thoma  (221)  in  the  20-80  mole  per  cent  Al Sb  interval.  The 
solidus  temperatures  of  Goryunova  (227)  show  a scatter  of  about  ±15°C 
between  0 and  60  mole  percent  AlSb  and  are  about  20°C  higher  than  the 
measurement  of  Wooley  and  Smith  (228)  at  15  mole  percent  AlSb.  The 
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solidus  data  of  Wooley  and  Smith  (228)  are  lower  than  those  obtained 
by  Goryunova  et  al . (227)  over  the  entire  composition  range.  Due  to 
the  scatter  of  the  available  experimental  data,  several  different 
data  sets  have  been  used  and  compared  in  this  study. 

As  in  the  case  of  AlSb-GaSb,  only  pseudobinary  liquid  enthalpy 
of  mixing  for  this  system  has  been  measured  by  Gerdes  and  Predel 
(226).  There  are  no  reported  studies  of  the  pseudobinary  liquid 
activity  or  of  the  thermochemical  properties  of  the  pseudobinary 
solid  solution.  The  measurements  of  Gerdes  and  Predel  (226)  have 
been  employed  for  parameter  estimation. 

5.3.3  GaSb-InSb  System 

Unlike  two  systems  above,  the  GaSb-InSb  system  is  characterized 
by  a variety  of  thermochemical  data  (the  liquid  Ga  activity,  liquid 
enthalpy  of  mixing,  enthalpy  of  fusion,  liquidus  and  solidus 
temperatures ) . The  GaSb-InSb  pseudobinary  phase  diagram  has  been 
determined  by  several  investigators  (221,228-233).  Wooley  etal. 
(228-230)  have  measured  the  liquidus  and  solidus  temperatures  over 
the  entire  composition  range,  as  have  Ufimtsev  et  al . (231). 

Gorshkov  and  Goryunova  (232)  determined  several  liquidus  and  solidus 
temperatures  between  25  and  75  mole  percent  GaSb,  while  Koster  and 
Thoma  (221)  investigated  this  system  and  reported  a degenerate 
eutectic  diagram  without  appreciable  terminal  solid  solution.  The 
results  of  Gorshkov  and  Goryunova  (232)  are  in  relatively  poor 
agreement  with  measurements  of  Wooley  et  al.  (228-230).  The  solidus 
data  of  Ufimtsev  et  al.  (231)  match  well  those  of  Wooley  et  al.  (228- 
230),  but  their  liquidus  data  fall  consistently  higher.  One  solidus 
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and  two  liquidus  points  are  contributed  by  Blom  and  Plaskett  (233); 
these  agree  well  with  the  data  of  Wooley  et  al . (228-230).  Based  on 
comparisons  with  the  other  available  thermochemical  data  (234),  the 
results  of  Wooley  et  al.  (228-230)  and  of  Blom  and  Plaskett  (233) 
have  been  used  in  this  study. 

The  enthalpy  of  mixing  has  been  measured  by  Gerdes  and  Predel 
(226)  and  by  Ansara  et  al.  (235),  with  the  results  in  reasonable 
agreement.  The  measurements  of  either  Yecher  et  al . (236)  or 
Mechkovskii  et  al.  (237)  are  significantly  more  positive  than  the 
other  two  determinations.  The  data  of  Gerdes  and  Predel  (226)  have 
been  employed  for  parameter  estimation.  The  liquid  phase  activity  of 
Ga  in  the  pseudobinary  GaxIn^_xSb  mixture  has  been  determined  by 
Anderson  (152)  with  a solid  state  electrochemical  technique.  The  aga 
measured  by  Anderson  (152)  and  ah^  reported  by  Gerdes  and  Predel 
(226)  are  compared  to  the  values  of  these  properties  predicted  by  the 
NRTL  and  simple  solution  models  with  their  parameters  estimated  from 
the  combined  binary  data  set  alone.  As  with  the  AlSb-InSb  and  AlSb- 
GaSb  systems,  there  are  no  reported  studies  of  the  component  activity 
and  enthalpy  of  mixing  of  the  pseudobinary  solid  solution. 

5.4  Results  and  Discussion 

The  simple  solution  model  has  been  extensively  used  to  describe 
group  III  — V pseudobinary  AXB^_XC  solid  solutions.  In  this  model  the 
IC  (I  = A or  B)  component  activity  coefficient  is  given  by  an 
expression  similar  to  that  listed  in  Table  4-4,  and  the  molar  excess 
Gibbs  energy  is  represented  by 
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AG*S(AC-BC)  = (aS  + bST)x|c(l  - Xj|c)  (5-16) 

The  adjustable  parameters  as  and  bs  were  estimated  by  using  a maximum 
likelihood  algorithm  (181).  It  follows  from  Equation  (5-16)  that  the 
enthalpy  of  mixing  is  given  by 

< " *SXAC(1  - XAC>  <5-17> 

Apparently,  ah^  is  independent  of  temperature  for  this  model. 

Several  attempts  have  been  made  to  calculate  as  from  the  physical, 
electronic,  and  optical  properties  of  the  constituents  (78-82,238- 
247)  and  involving  no  fitted  parameters.  Any  independent  method  of 
calculating  the  solid  interaction  parameters  would  give  additional 
insight  into  their  physical  origin  and  allow  the  prediction  of  phase 
diagrams  in  systems  where  no  experimental  data  are  available. 
Unfortunately,  the  calculation  of  as  did  not  always  give  good 
agreement  with  those  obtained  by  fitting  the  phase  diagram 
measurements  of  group  I II -V  pseudobinary  alloys. 

In  this  study,  we  present  two  general  approaches  to  calculate 
the  solid  interaction  energy  by  fitting  the  available  experimental 
data.  For  the  first  method,  a data  base  consisting  of  liquidus 
temperature,  solidus  temperature,  and  the  reduced  standard  state 
chemical  potential  difference  given  in  Table  3-6  was  used  in  the 
parameter  estimation.  The  NRTL  and  simple  solution  model  parameters 
required  for  this  method  were  estimated  for  each  of  the  six  binary 
I-C  systems.  A data  base  consisting  of  the  liquidus  temperature. 
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group  III  activity  and  enthalpy  of  mixing  was  used.  The  parameter 
estimates  are  summarized  in  Table  5-1.  The  parameter  values  for  the 
Ga-Sb  and  In-Sb  systems  are  taken  from  Aselage  et  al.  (187).  For  the 
other  systems,  parameter  values  are  taken  from  Chapter  4 (Tables  4-6 
and  4-7).  A data  base  consisting  of  the  liquidus  and  solidus  data 
alone  and  of  the  combined  liquidus,  solidus  and  aH^  (AC-BC) 
measurements  along  with  the  q'jq  given  by  Equations  (5-11)  to  (5-13) 
was  used  in  the  parameter  estimation  for  method  2.  The  parameter 
sets  determined  for  a variety  of  solution  models  are  listed  in  Table 
5-2  for  method  1 and  in  Tables  (5-3)  to  (5-6)  for  method  2. 

An  examination  of  the  results  for  the  AlxGa^_xSb  system 
presented  in  Tables  5-2  and  5-3  indicates  that  the  predicted  solid 
parameters  as  are  positive  in  all  cases  considered  here.  This 
implies  that  a miscibility  gap  is  present  for  this  system.  The 
critical  temperature,  Tc,  at  which  the  immiscibil i ty  gap  appears,  is 
determined  by  the  following  expression  (167)  for  the  simple  solution 
model 


T 

c 


(5-18) 


where  R is  the  gas  constant.  As  shown  in  Tables  5-2  and  5-3,  the 
critical  temperature  predicted  for  this  system  is  between  92  K and 
583  K.  The  solid  phase  activity  of  AlSb  in  AlSb-GaSb  mixtures  has 
been  determined  with  a solid  state  electrochemical  technique  by 
Samokhval  et  al.  (129).  Their  results  exhibit  strongly  negative 
deviation  from  ideal  behavior.  On  the  basis  of  these  measurements. 
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Table  5-2.  Solid  solution  model  parameter  estimates  treating  liquid 
as  a three  component  mixture  for  the  AlxIn^_xSb, 
AlxGai_xSb  and  GaxIn^_xSb  systems. 


Model 

Parameter 

System 

Liquid 

Sol  id 

as(cal /mol ) 

bs(cal/mol  K) 

Data 

Base 

simple 

simple 

-4,131 

4.372 

★ 

A1 xIni-xSb 

simple 

regular 

332 

0 

★ 

simple 

simple 

2,293 

-1.469 

ic 

A1 yGai_„Sb 

simple 

regular 

622 

0 

* 

simple 

simple 

-1,146 

3.275 

* 

Ga  Y In i _ySb 

simple 

regular 

1,722 

0 

★ 

* Same  as  in  Tables  5-3,  5-4,  and  5-6. 


Table  5-3.  Solution  model  parameter  estimates  treating  liquid  as  pseudobinary  for  the  AlSb-GaSb  system. 
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**  Liquidus  and  solidus  temperatures  of  Aulombard  and  Joullie  (225),  liquidus  temperatures  of  Miller  et 
al.  (223),  and  liquid  enthalpy  of  mixing  of  Gerdes  and  Predel  (226). 


Table  5-4.  Solution  model  parameter  estimates  treating  liquid  as  pseudobinary  for  the  AlSb-InSb  system. 
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Table  5-5.  Solution  model  parameter  estimates  treating  liquid  as  pseudobinary  for  the  AlSb-InSb  system. 
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Table  5-6.  Solution  model  parameter  estimates  treating  liquid  as  pseudobinary  for  the  GaSb-InSb  system. 
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enthalpy  of  mixing  of  Gerdes  and  Predel  (226). 
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the  AlSb-GaSb  solid  solution  shows  a tendency  toward  ordering 
(complete  miscibility)  and  not  toward  stratification  (immiscibility ) 
as  suggested  above.  Unfortunately,  there  are  no  other  studies  of  the 
thermochemical  properties  of  this  system  which  might  be  utilized  for 
the  assessment  of  solution  models  studied  here.  The  pseudobinary 
phase  diagram  and  liquid  enthalpy  of  mixing  calculated  with 
parameters  listed  in  Table  5-3  are  displayed  in  Figures  (5-1)  and 
(5-2)  for  this  system.  It  can  be  seen  that  the  NRTL  equation  for  the 
liquid  solution  and  simple  solution  models  for  the  solid  solution  is 
best  able  to  represent  the  combined  experimental  data  set  (T1,  Ts, 
<)  for  this  system.  This  is  expected  because  the  standard 
deviation  listed  in  Table  5-3  for  this  case  shows  a minimum.  Figures 
5-3  and  5-4  show  the  predicted  enthalpy  of  mixing  and  activity  of  the 
solid  solution,  respectively.  The  results  show  moderate  positive 
deviation  from  ideal  behavior.  It  should  be  mentioned  here  that  the 
solid  interaction  parameters  for  this  system  usually  are  taken  to  be 
zero  in  calculating  the  phase  diagrams  of  the  multicomponent  systems 
because  of  the  close  lattice  match  between  AlSb  and  GaSb.  However, 
this  is  not  true  in  the  real  situation  as  discussed  above. 

Because  of  the  scatter  in  the  data  base,  a poor  fit  for  the 
AlSb-InSb  system  is  obtained.  The  use  of  the  liquidus  and  solidus 
data  alone  gives  the  results  listed  in  Tables  5-2  and  5-4.  It  is 
seen  from  Table  5-4  that  the  parameter  set  is  very  sensitive  to  the 
liquidus  data  and  the  solution  model  used  in  the  parameter 
estimation.  When  the  liquidus  data  of  Goryunova  et  al.  (227)  are 
used,  an  average  value  of  about  18°C  is  obtained  for  a.  If  the 
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Figure  5-1.  The  AlxGa-^_xSb  pseudobinary  phase  diagram  calculated 

from  a fit  of  the  liquidus  and  solidus  temperatures,  and 

enthalpy  of  mixing.  : NRTL  liquid  solution  and 

simple  solid  solution  parameters  in  Table  5-3; : 

simple  liquid  and  solid  solution  parameters  in  Table 

5-3;  : strictly  regular  liquid  solution  and  simple 

solid  solution  parameters  in  Table  5-3;  — : ideal 

liquid  and  solid  solution;  o:  Ref.  (225);  o : Ref. 
(222);  *:  Ref.  (224);  A:  Ref.  (223);  o : Ref. 

(221). 
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Figure  5-2.  Enthalpy  of  mixing  AlSb  and  GaSb  in  the  liquid  phase 

versus  the  GaSb  mole  fraction  at  1345  K;  : 

calculated  from  NRTL  liquid  solution  and  simple  solid 
solution  parameters  in  Table  5-3  (data  base  **);  — : 
calculated  from  simple  (or  strictly  regular)  liquid  and 
simple  solid  solution  parameters  in  Table  5-3  (data  base 
**);  o:  Ref.  (226). 
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Figure  5-3.  Enthalpy  of  mixing  AlSb  and  GaSb  in  the  solid  phase 

versus  the  GaSb  mole  fraction;  — : calculated  from  NRTL 

liquid  solution  and  simple  solid  solution  parameters  in 

Table  5-3  (data  base  **); ; calculated  from  simple 

liquid  and  solid  solution  parameters  in  Table  5-3  (data 
base  **) ; — : calculated  from  strictly  regular  liquid 

and  simple  solid  solution  parameters  in  Table  5-3  (data 
base  **). 
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Figure  5-4.  The  activity  of  AlSb  or  GaSb  in  the  solid  phase  versus 
the  AlSb  mole  fraction  at  950  K;  — : calculated  from 

NRTL  liquid  solution  and  simple  solid  solution 
parameters  in  Table  5-3  (data  base  **);  — : calculated 

from  simple  liquid  solution  and  solid  solution  in  Table 

5-3  (data  base  **);  : calculated  from  strictly 

regular  liquid  and  simple  solid  solution  in  Table  5-3 
( da  ta  ba  se  ** ) . 
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liquidus  data  of  Koster  and  Thoma  (221)  are  used,  an  average  value 
for  a is  reduced  to  about  11 °C.  However,  the  use  of  the  NRTL 

equation  for  the  liquid  solution  gives  nearly  the  same  oQ  for  these 

two  data  sets.  In  addition  to  the  scatter  in  the  data,  the  poor  fit 

for  the  binary  Al-Sb  liquid  produces  a poorer  fit  for  this  system.  A 

value  of  o is  over  30°C  for  two  cases  listed  in  Table  5-2.  It  would 
be  expected  that  aQ  is  mainly  contributed  for  the  liquidus  points 
because  of  no  adjustable  parameters  in  the  liquid  phase.  The  use  of 
the  combined  liquidus,  solidus  and  AH^  (AlSb-InSb)  measurements  give 
the  results  listed  in  Table  5-5.  As  can  be  seen,  the  parameters  of 
these  fits  indicate  a positive  enthalpy  of  mixing  of  the  solid 
solution  for  each  case  investigated.  Only  when  the  strictly  regular 
solution  in  the  liquid  phase  was  used  and  the  solid  solution  assumed 
simple  was  a negative  as  obtained.  The  critical  temperature  Tc,  at 
which  the  miscibility  gap  disappears,  is  found  to  vary  between  136  K 
and  324  K for  this  system.  As  in  the  case  of  the  AlSb-InSb  system, 
the  results  presented  in  Table  5-5  indicate  that  the  NRTL  equation 
for  the  liquid  solution  and  simple  solution  model  for  the  solid 
solution  provides  the  best  fit  of  the  combined  experimental  data. 

The  pseudobinary  phase  diagram  and  liquid  enthalpy  of  mixing 
calculated  with  best  parameter  set  (data  base  *)  listed  in  Table  5-5 
are  displayed  in  Figures  (5-5)  and  (5-6).  The  predicted  enthalpy  of 
mixing  and  activity  of  the  solid  solution  are  shown  in  Figures  5-7 
and  5-8,  respectively.  These  results  show  small  positive  deviations 
from  ideal  behavior. 
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Figure  5-5.  The  AlxIn1_xSb  pseudobinary  phase  diagram  calculated 

with  parameters  in  Table  5-5  (data  base  *);  : NRTL 

liquid  solution  and  simple  solid  solution; : 

simple  liquid  and  solid  solution;  : strictly 

regular  liquid  and  simple  solid  solution;  — : ideal 

liquid  and  solid  solution;  o:  Ref.  (227);  A;  Ref. 

(228);  n : Ref.  (221). 
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Figure  5-6.  Enthalpy  of  mixing  AlSb  and  InSb  in  the  liquid  phase 

versus  the  InSb  mole  fraction  at  1345  K;  : calculated 

from  NRTL  liquid  solution  and  simple  solid  solution 
parameters  in  Table  5-5  (data  base  *);  — : calculated 

from  simple  liquid  and  solid  solution  parameters  in 
Table  5-5  (data  base  *);  calculated  from  strictly 

regular  liquid  and  simple  solid  solution  parameters  in 
Table  5-5  (data  base  *);  o:  Ref.  (226). 
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Figure  5-7.  Enthalpy  of  mixing  AlSb  and  InSb  in  the  solid  phase 
versus  the  InSb  mole  fraction;  — ; calculated  from 
NRTL  liquid  solution  and  simple  solid  solution 

parameters  in  Table  5-5  (data  base  *); : 

calculated  from  simple  liquid  and  solid  solution 

parameters  in  Table  5-5  (data  base  *); : calculated 

from  strictly  regular  liquid  and  simple  solid  solution 
parameters  in  Table  5-5  (data  base  *). 
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Figure  5-8.  The  activity  of  AlSb  or  InSb  in  the  solid  phase  versus 

the  AlSb  mole  fraction  at  780  K;  ; calculated  from 

NRTL  liquid  solution  and  simple  solid  solution 

parameters  in  Table  5-5  (data  base  *) ; : 

calculated  from  simple  liquid  and  solid  solution 
parameters  in  Table  5-5  (data  base  *);  — : calculated 

from  strictly  regular  liquid  and  simple  solid  solution 
in  Table  5-5  (data  base  *). 
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The  GaSb-InSb  system  is  the  best  defined  experimentally  of  three 
systems  considered  here.  The  parameter  sets  obtained  from  methods  1 
and  2 are  listed  in  Tables  5-2  and  5-6,  respectively.  As  shown  in 
Table  5-6,  the  results  of  these  fits  indicate  a positive  enthalpy  of 
mixing  of  the  solid  solution  for  each  case  investigated.  Only  when 
the  NRTL  parameter  agaSb-InSb  in  *he  liquid  phase  was  fixed  at  a 
large  negative  value  (~  -1.0)  and  the  solid  solution  assumed  simple 
was  a negative  as  obtained.  It  is  also  seen  that  the  parameter  as 
for  the  solution  is  different  and  larger  in  magnitude  than  a^  because 
of  additional  effects  that  contribute  to  nonideality,  such  as  bond 
length  and  bond  angle  distortions,  that  are  not  present  in  the 
liquid.  The  excess  Gibbs  energy  of  mixing  for  the  liquid 
pseudobinary  solution  is  calculated  to  be  nearly  zero  by  the 
estimated  parameters  listed  in  Table  5-6.  These  results  also  show  a 
miscibility  gap  in  the  377-457°K  interval.  The  parameters  listed  in 
Table  5-2  for  this  system  are  estimated  with  the  same  data  base  as 
those  used  above  (1 iquidus  and  solidus  temperatures) . The  estimated 
parameter  as  is  opposite  in  sign  and  different  in  magnitude  for  the 
simple  solution  and  strictly  regular  solution  models.  It  is  evident 
that  the  data  base  consisting  of  liquidus  and  solidus  temperatures  is 
not  sufficient  to  permit  one  to  discern  a unique  solution  model.  The 
physical  interpretation  of  the  two  models  with  the  values  of  the 
estimated  parameters,  however,  is  quite  different.  For  example,  the 
question  of  immiscibi 1 i ty  in  this  solid  solution  is  important  for 
solid  state  device  applications.  The  simple  solution  parameters 
predict  complete  miscibility  at  all  temperatures,  while  the 


assumption  of  strictly  regular  solution  behavior  gives  a critical 
temperature  of  433  K. 
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Figures  5-9  and  5-10  show  the  calculated  pseudobinary  diagrams 
for  the  GaxIn2_xSb  system  with  methods  1 and  2,  respectively.  It  is 
seen  that  the  fit  for  the  liquidus  temperatures  of  Wooley  et  al. 

(230)  shown  in  Figure  5-9  is  poor.  However,  with  the  same  data  base, 
the  pseudobinary  phase  diagram  shown  in  Figure  5-10  is  fit  very 
well.  A difference  in  this  analysis  is  the  presence  of  adjustable 
liquid  mixture  parameters.  The  phase  diagrams  calculated  with  NRTL 
equation  or  simple  liquid  solution  parameter  sets  are  nearly 
identical  in  Figure  5-10.  Also  shown  is  the  phase  diagram  calculated 
assuming  ideal  solid  and  ideal  ternary  liquid  solution  behavior. 
Figure  5-11  shows  the  enthalpy  of  mixing  the  pseudobinary  liquid  as  a 
function  of  composition.  The  measurements  of  Gerdes  and  Predel  (226) 
are  compared  to  the  values  calculated  when  the  solid  was  assumed  to 
be  a simple  mixture  and  the  liquid  phase  was  described  by  the  simple 
solution  (dashed  line)  or  the  NRTL  (solid  line)  expression.  In 
Figure  5-12,  the  agaSb  and  ajnSb  in  the  solid  solution  calculated 
with  these  same  parameter  sets  are  shown.  It  is  seen  that  the  two 
liquid  solution  models  give  little  difference  in  the  predicted 
thermodynamic  behavior  of  the  solid  solution.  It  is  also  apparent 
from  Figures  (5-10)  and  (5-11)  that  the  formulation  for  the  liquid 
solution  treated  as  a pseudobinary  mixture  provides  an  excellent  fit 
to  reported  phase  diagram  and  liquid  phase  enthalpy  of  mixing. 
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Figure  5-9.  The  GaxIrii_„Sb  pseudobinary  phase  diagram;  ; 

calculated  from  simple  liquid  solution  parameters  in 
Table  5-1  and  simple  solid  solution  parameters  in  Table 

5—6 ; : same  as  solid  line  except  strictly  regular 

solid  solution;  — : calculated  assuming  ideal  liquid 
and  solid  solution  behavior;  o:  Ref.  (230);  □ : Ref. 

(231);  a:  Ref.  (233). 
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Figure  5-10.  The  GaxIn]._xSb  pseudobinary  phase  diagram  calculated 

with  parameters  in  Table  5-6  (data  base  **);  ; NRTL 

liquid  solution  and  simple  solid  solution;  : 
simple  liquid  and  solid  solution;  — ; ideal  liquid 
and  solid  solution;  o:  Ref.  (230);  □ : Ref.  (233). 
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Figure  5-11.  Enthalpy  of  mixing  GaSb  and  InSb  in  the  liquid  phase 

versus  the  InSb  mole  fraction  at  1022  K;  : 

calculated  from  NRTL  liquid  solution  and  simple  solid 
solution  parameters  in  Table  5-6  (data  base  **);  — : 
calculated  from  simple  liquid  and  solid  solution 
parameters  in  Table  5-6  (data  base  **);  o:  Ref.  (226). 
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Figure  5-12.  The  activity  of  GaSb  or  InSb  in  the  solid  phase  versus 
the  GaSb  mole  fraction;  — : calculated  from  NRTL 

liquid  solution  and  simple  solid  solution  parameters  in 
Table  5-6  (data  base  **);  — : calculated  from  simple 

liquid  and  solid  solution  parameters  in  Table  5-6  (data 
base  **). 
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The  component  activities  and  pseudobinary  AH^  for  the  Ga  Ini  Sb 

X i“X 

system  were  predicted  from  three  binary  liquid  parameters  listed  in 
Table  5-1.  The  calculated  quantities  are  shown  in  Figures  5-13  and 
5-14.  The  solid  line  represents  the  use  of  the  NRTL  equation,  while 
the  dashed  line  gives  the  result  for  the  simple  solution 
approximation.  The  NRTL  equation  gives  excellent  agreement  with  the 
ah,],  measurements  of  Gerdes  and  Predel  (226),  while  the  simple 
solution  expression  gives  slightly  more  positive  values  though  it 
retains  the  correct  composition  dependence.  As  shown  in  Figures 
o-13,  aQa  values  predicted  by  both  equations  give  less  deviation  from 
ideal  solution  behavior  than  those  measured  by  Anderson  (106).  This 
is  not  surprising  because  the  measurements  of  the  viscosity, 
electrical  resistivity,  x-ray  diffraction  patterns  and  magnetic 
susceptibility  of  group  III -V  melts  indicate  that  some  kinds  of 
"complexes"  or  "associates"  must  exist  in  the  liquid  state.  Thus, 
the  pseudobinary  a^a  values  predicted  by  the  two  solution  models 
would  be  expected  to  have  some  discrepancy  with  experimentally 
determined  values. 

The  parameter  covariance  matrix  provided  by  the  maximum  like- 
lihood algorithm  allows  the  calculation  of  parameter  confidence 
ellipses.  The  87%  confidence  ellipses  for  the  simple  solution 
parameters  determined  by  two  approaches  were  quite  narrow  and  elon- 
gated, indicating  a high  degree  of  correlation  between  the  para- 
s s 

meters  a and  b . The  correlation  coefficient  between  the  parameters 
s s 

a and  b for  all  cases  studied  here  is  over  -0.99.  As  pointed  out 
by  the  previous  investigators  (238),  the  parameters  as  and  bs 
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Figure  5-13.  Component  activities  in  GaxIn^_xSb  liquid  mixture  at 

1003  K versus  GaSb  mole  fractions;  ; NRTL  prediction 

with  parameters  in  Table  5-1;  — : simple  solution 

prediction  with  parameters  in  Table  5-1;  : ideal 

behavior;  o:  Ref.  (152);  □:  Ref.  (121)7““ 
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Figure  5-14.  Enthalpy  of  mixing  for  GaxIn1_xSb  liquid  mixtures  at 

1022  K versus  InSb  mole  fraction;  ; NRTL  prediction 

with  parameters  in  Table  5-1;  — : simple  solution 

prediction  with  parameters  in  Table  5-1;  o:  Ref. 

(226);  ■;  Ref.  (119);  □:  average  of  values  of  Ref. 

(127)  and  Ref.  (131). 
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estimated  for  a simple  solid  solution  are  highly  correlated  to  each 
other  and  to  the  liquid  solution  parameter  set.  This  same 
correlation  between  the  parameters  was  also  apparent  in  this  study. 

It  can  be  shown  that  the  excess  Gibbs  energy  of  mixing  for  a 
simple  ternary  liquid  mixture  at  the  pseudobinary  composition  is 
given  by 


ACCA*Bi-xcn> 


<>]_,  + bA-RT>  1 1 

] = — 2—z. ° Y (1  - x 1 

J 2 *ACU  *AC 


(5-19) 


Thus,  for  example,  the  binary  interaction  parameter  given  in  Table 
5-2  (a|-]_Qa  + b|i_GaT  = 598.9  - 0.318T  (T/K ) ) should  be  twice  the 
AlSb-GaSb  interaction  parameter,  a1  + ^T,  given  in  Table  5-3.  The 
magnitude  of  (aJ-|_Ga  + bJ-,_GaT)/2  is  169.6  cal/mole  at  1350  K and  is 
larger  than  any  value  given  in  Table  5-3  by  at  least  a factor  of 
three.  It  is  noted  that  a^  + b^T  given  in  Table  5-3  is  negative  for 
all  cases  at  1350  K.  If  this  simple  procedure  of  estimating  the 
pseudobinary  liquid  mixture  Gibbs  energy  were  appropriate,  it  would 
also  imply  that  the  degree  of  non  ideality  of  the  liquid  solution  in 
the  AXB1_XP  and  AxB1-xAs  systems  might  be  the  same  as  in  the  A^^Sb 
system.  Here  A and  B can  be  Al,  Ga  or  In.  In  a similar  manner,  it 
would  also  suggest  the  liquid  solution  behavior  in  the  A^B -XA1  and 
AxBi-xGa  systems  be  the  same  as  in  the  AxB|_xIn  system.  Here  A1  and 
B can  be  P,  As  or  Sb.  An  analysis  of  these  pseudobinary  phase 
diagrams  (Panish  and  Ilegems  (16))  indicates  that  this  is  not  the 
situation.  The  treatment  of  the  liquid  as  a mixture  of  A,  B and  C or 
as  a pseudobinary  solution  of  AC  and  BC  gives  a different 
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interpretation  of  the  solid  solution  behavior  that  is  obtained  from  a 
fit  of  the  pseudobinary  phase  diagram. 

The  results  for  two  approaches  presented  in  this  chapter  have 
shown  that,  in  the  current  formulae  of  the  problem,  the  NRTL  equation 
for  liquid  solution  and  simple  solution  model  for  solid  solution 
provides  a means  of  adequately  representing  all  of  the  experimental 
data  for  the  three  pseudobinary  antimonide  systems,  including  the 
asymmetric  enthalpy  of  mixing.  The  treatment  of  the  liquid  solution 
as  a ternary  mixture  of  A,  B,  and  C gave  higher  standard  deviations 
in  the  liquidus  due  to  the  absence  of  the  adjustable  parameters  in 
the  liquid  phase.  This  feature  is  particularly  prominent  for  the 
systems  studied  here  when  the  melting-point  different  (AT^)  between 
two  pure  binary  1 1 1 — V compounds  increase.  In  addition,  the  variation 
of  the  Gibbs  excess  energy  of  the  solid  solution  with  temperature  may 
be  in  opposite  directions  for  the  two  different  treatments  of  the 
liquid  phase.  It  follows  that  the  miscibility  gap  of  the  solid 
solution  is  predicted  differently  for  each  assumption.  The  severe 
departure  from  ideality  in  the  solid  of  GaSb-InSb  system  is 
consistent  with  the  large  mismatch  between  the  pure  components, 
according  to  the  pattern  established  in  (240).  The  mismatch  in  the 
GaSb-InSb  system  of  6.3%  (0.383  A)  is  greatest  of  the  systems  studied 
here.  The  "best  fit"  solid  interaction  parameters  obtained  in  this 
chapter  with  the  "best  fit"  binary  parameters  in  Chapter  IV  and  with 
the  suggested  values  for  in  Chapter  III  will  be  used  to  predicted 
the  ternary  and  quaternary  phase  diagrams  in  next  two  chapters. 


CHAPTER  VI 

PREDICTIONS  OF  THE  I IIXI 1 1 £_xSb  TERNARY  PHASE  DIAGRAMS 

6.1  Introduction 

In  recent  years,  ternary  semiconductor  alloys  formed  from  two 
III “ V compounds  have  received  considerable  attention  because  the 
electrical  and  optical  properties  of  the  solid  are  adjustable  by 
variation  of  the  solid  solution  composition.  This  affords  the  device 
designer  the  ability  to  tune  the  electrical  and  optical  properties  of 
the  solid  to  fit  the  particular  device  requirements.  In  some  systems 
the  compositional  degree  of  freedom  in  the  ternary  solid  solution  is 
used  lO  match  that  of  the  substrate  (e.g.,  CaQ  ^ylnQ  i^As  lattice 
matched  to  InP).  In  AlxGa^_xV  systems,  however,  the  binary  compounds 
have  nearly  identical  lattice  parameters.  For  these  systems,  the 
compositional  degree  of  freedom  can  then  be  used  to  vary  the  bandgap 
energy  and,  therefore,  the  optical  and  electrical  properties.  In 
most  device  applications,  the  first  requirement  to  be  met  is  matching 
the  lattice  parameter  of  the  epitaxial  film  to  that  of  the 
substrate.  Since  substrates  are  available  only  for  the  Ga  and  In 
binary  compounds,  only  one  composition  with  one  bandgap  energy  is 
useful  for  the  15  non-AlxGa1_xV  ternary  alloys.  This  problem  can  be 
overcome  by  adding  a fourth  element  to  a ternary  alloy  to  form  a 
quaternary  alloy  and  is  discussed  in  the  next  chapter. 
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Many  of  the  processing  steps  in  the  fabrication  of  devices 
containing  III-V  materials  involve  the  interfacial  contact  of  a 
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liquid  phase  with  a solid  phase.  Examples  of  such  processes  are  bulk 
crystal  growth,  liquid  phase  epitaxy,  impurity  incorporation,  laser 
annealing  and  melt  purification  (e.g.,  zone  refining)  processes.  As 
an  equilibrium  boundary  condition  is  often  implied  at  the  liquid- 
solid  interface,  knowledge  of  the  phase  diagram  for  the  material 
system  involved  is  essential  in  the  analysis  of  these  processes.  The 
direct  experimental  determination  of  the  possible  18  ternary  phase 
diagrams  would  require  considerable  effort  and  is  often  compounded  by 
the  experimental  difficulties  of  lengthy  equilibration  times  and  the 
rather  high  vapor  pressures  involved  with  the  arsenides  and 
phosphides.  Because  of  these  difficulties  the  development  of 
calculational  procedures  for  judging,  interpolating,  and  correlating 
phase  diagrams  and  thermochemical  experimental  information  and,  most 
importantly,  for  predicting  these  properties  in  systems  with  non- 
existent or  minimal  experimental  characterization  is  attractive. 

The  description  of  ternary  solid-liquid  equilibrium  in  group 
III-V  semiconductor  systems  has  been  approached  by  several 
investigators  (16,24-40,248-251).  Studies  of  the  thermochemical 
behavior  found  in  III  — V ternary  systems  have  been  directed  primarily 
at  describing  the  phase  diagrams  by  enlisting  only  knowledge  of  the 
contained  binary  phase  diagram  limits.  The  validity  of  a particular 
solution  model  employed  is  then  ascertained  only  by  its  ability  to 
reproduce  known  portions  of  the  phase  diagram.  In  this  chapter,  the 
basic  equations  describing  chemical  equilibrium  between  the 
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pseudobinary  solid  solution  of  the  type  AXB1_XC  and  the  ternary 
liquid  are  derived.  Problems  that  are  encountered  in  achieving  an 
effective  cal culational  procedure  are  also  discussed. 

In  the  two  previous  chapters,  the  use  of  various  solution  models 
to  describe  the  liquid  phase  behavior  of  1 1 1 — V binary  systems  and  the 
solid  phase  behavior  of  the  pseudobinary  systems  was  considered.  The 
ternary  melt  solution  behavior  can  be  obtained  by  extending  these 
binary  models  to  describe  a ternary  mixture  without  additional 
adjustable  parameters.  In  this  chapter,  phase  diagrams  for  the 
Al-Ga-Sb,  Al-In-Sb,  and  Ga-In-Sb  systems  are  presented.  The  best 
results  for  the  binary  liquid  and  pseudobinary  solid  solution 
parameters  determined  from  two  previous  chapters  in  conjunction  with 
the  suggested  values  for  QIC  given  in  Chapter  III  are  used  to 
calculate  the  quantities  and  Qjq  necessary  for  the  ternary  phase 
diagram  calculation.  The  measured  phase  diagrams  are  compared  with 
the  values  calculated  by  an  extension  of  the  NRTL  equation  and  simple 
solution  model  binary  results  to  the  ternary  systems  considered  here. 

6.2  Calculation  of  the  Phase  Diagram 
The  AxB^_xC  ternary  III-V  system  consists  of  two  elements  A and 
B from  the  group  III  or  V column  and  one  element  C from  the  group  V 
or  III  column,  respectively.  The  chemical  formula  indicates  the 
formation  of  a substitutional  solid  solution  between  the  A and  B 
elements  and  fixed  ratio  of  C to  A and  B elements.  Mixing  among  A 
and  B atoms  involves  two  kinds  of  atoms  occupying  one  of  the 
sublattices.  This  solid  solution  can  be  considered  a mixture  of  two 
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pure  binary  compounds  AC  and  BC.  It  is  obvious  that  x in  the 
formulation  AXB^_XC  is  equivalent  to  the  mole  fraction  X^q  in  the 
solid  solution.  This  is  not  the  case,  however,  for  the  quaternary 
^x^l-x^y^l-y  system  (discussed  in  Chapter  II)  in  which  mixing  among 
solid  atoms  occurs  on  both  sublattices. 

The  solid-liquid  equilibrium  state  of  the  A-B-C  ternary  system 
is  calculated  by  equating  the  temperature  and  pressure  of  each  phase 
as  well  as  the  chemical  potentials  of  each  of  the  species  present  in 
both  phases.  In  addition  to  these  relationships,  a constraint  of 
stoichiometry  is  placed  on  the  solid  solution;  the  sum  of  the  atom 
fractions  of  group  III  elements  must  equal  the  sum  of  the  atom 
fractions  of  group  Y elements.  As  discussed  above,  the  AX31_XC 
ternary  system  is  characterized  by  one  binary  (elements  A and  B) 
andone  unary  (element  C)  sublattice.  The  ternary  solid  solution  can 
be  treated  as  if  it  were  a binary  solution  of  components  AC  and  BC. 
The  requirement  of  equal  chemical  potentials  for  each  of  the  species 
present  in  both  phases  is  expressed  by 

Ujc  = u]  + Uq  » I = A and  B (6-1) 

where  I and  C refer  to  the  liquid  phase  components,  and  IC  refers  to 
the  solid  phase  components. 

The  insertion  of  the  relation  y.  = u?  + RTlnai  defined 
previously  for  each  term  in  Equation  (6-1),  followed  by  algebraic 
manipulation,  results  in  the  following  implicit  expressions  for  the 
liquid  and  solid  equilibrium  mole  fractions  of  components  A in  the 
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1 iquid 


x 


A ' ‘ac^'-V  - ‘bc^p'-V 


(6-2) 


and  component  AC  in  the  solid  solution 


(6-3) 


Two  types  of  variables  appear  in  Equations  (6-2)  and  (6-3),  0IC  and 
riC‘  ^"'1e  variable  is  a reduced  standard  state  chemical  potential 
difference  and  is  defined  by 


The  term  is  the  ratio  of  liquid  phase  to  solid  phase  activity 
coefficients  and  is  given  by 


The  problem  of  describing  the  ternary  1 1 1 — V phase  diagram  is  reduced 
to  selecting  the  standard  states,  determining  the  temperature  and 
pressure  (negligible)  dependence  of  Qjq  and  determining  the 
temperature,  pressure  (negligible)  and  composition  dependence  of 


0 


IC 


_ uu, « _ u, 

IC  I UC 
RT 


I = A,  B 


(6-4) 


236 


r ic*  Equations  (6-2)  and  (6-3)  are  the  same  as  those  obtained  in 
Chapter  II  by  simplifying  the  results  for  the  general  quaternary 
systems. 

It  is  noted  that  the  effect  of  the  point  defect  structure  is 
neglected  in  deriving  the  working  Equations  (6-2)  and  (6-3).  In 
other  words,  the  homogeneity  range  of  binary  compound  is  narrow 
enough  to  produce  negligible  variation  in  the  molar  Gibbs  energy  with 
composition,  i.e.. 


y j(T,P,Xj)  + Uq(T,P,x^)  = y jC (T,P ) = y°£S(T,P)  (6-6) 

It  is  obvious  from  the  above  equation  that  the  chemical  potential  of 
component  i (i  = I or  C)  in  the  solid  can  be  a strong  function  of 
composition  xf  or  xq  along  the  locus  of  nonstoichiometry,  but  the  sum 
of  the  chemical  potentials  in  the  binary  solid  is  nearly  constant  at 
a given  temperature  and  pressure.  Brebrick  and  Strauss  (117,123) 
have  calculated  the  variation  of  the  molar  Gibbs  energy  of  the  solid 
for  such  nearly  stoichiometric  compounds  HgTe  and  CdTe,  indicating 
that  neglecting  this  variation  does  not  lead  to  significant  errors. 
The  maximum  value  of  this  variation  would  be  only  0.1  Kcal/mol  for 
HgTe  and  1 cal /mol  for  CdTe  with  homogeneity  range  of  0.5  and  0.001 
atom  percent,  respectively. 

The  values  of  ©jq  used  in  this  chapter  are  recommended  in  Table 
3-6.  As  expressed  by  Equation  (6-5),  the  calculation  of  the  term  Tjq 
involves  the  representation  of  the  nonidealities  in  each  phase  with  a 
solution  model.  As  discussed  in  Chapter  IV,  the  NRTL  equation  best 
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represents  the  combined  data  set  of  the  group  III-V  binary  systems, 
including  the  asymmetric  and  temperature  dependent  enthalpy  of 
mixing.  For  the  more  symmetrical  systems  (e.g.,  Ga-Sb  system), 
little  difference  was  found  between  the  models  and  the  two-parameter 
simple  solution  model  appears  to  be  adequate.  The  computational 
procedure,  however,  for  the  simple  solution  model  is  simpler  than 
that  for  the  NRTL  equation.  For  comparison,  the  binary  results  of 
the  NRTL  equation  and  simple  solution  models  are  extended  to  predict 
the  ternary  phase  diagram  without  the  use  of  ternary  parameters. 

Based  on  the  simple  solution  approximation,  the  activity  coefficients 
for  the  pseudobinary  solid  solution  are  written  from  Equation  (1-6) 
with  n =2  as 


RTlnYAC 


WAC-BCXBC 


(6-7) 


RTlnyBc 


w X 
AC-BC  AC 


(6-8) 


Similarly,  a Wohl's  expansion  of  the  binary  equation  to  describe  a 
ternary  liquid  while  retaining  only  binary  interaction  terms  gives 


RTlnTA  ’ WACXC  + WA8XB  * (wAC  + WAB  " wBC)xSxC  <6‘9) 

RT,nYB  = wBcxj:  ♦ wABxA2  + (wBC  ♦ wAB  - «AC)xAxc  (6-10) 

RTlnTC  = WACXA  + WBCXB  + (wAC  + WBC  ' wAB)xAxB  (6‘U> 


There  exist  three  binary  interaction  parameters  of  the  liquid 
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solution:  wAB,  wAq,  and  wBq.  The  solid  solution  is  described  by  the 
pseudobinary  interaction  parameters:  wAC_BC.  For  the  NRTL  equation, 
the  corresponding  ternary  activity  coefficient  is  given  by 


- V°,n  + xi9n1CTn,1  ' W/Di  • = 1.  2.  3 


where 


f . = E x.T..g..  ,1=A 

1 j=l  J Ji  Ji 


= A,  2 = B,  3 = C 


0.  = E x,  g,  . 
i k=1  kaki 


g ..  = exp  (-a  ..t  .. ) 
Ji  H ji  ji 


(6-12) 

(6-13) 

(6-14) 

(6-15) 


The  parameters  a^-  and  are  determined  by  the  i-j  binary  system 

°1j  = “ji  and  T11  = t22  = t33  = °* 

It  is  noted  that  this  treatment  of  the  ternary  liquid  phase 

includes  the  assumption  that  the  interaction  parameters  are 
independent  of  composition  and  thus  the  values  of  w,  a-  •,  and  t- • 

* J • 

determined  from  binary  and  pseudobinary  systems  can  be  used  for 
describing  the  ternary  liquid.  Applying  the  Gibb's  phase  rule  to 
solid-liquid  equilibrium  in  ternary  IIIxIIIj_xSb  system,  the  number 
of  degrees  of  freedom  is  found  to  equal  three.  Thus,  if  T,  P,  and  xc 
are  specified,  then  xA  and  XAq  can  be  completely  determined  by  these 
implicit  equations  (Equation  (6-2)  and  (6-3)).  The  parameter  sets 
determined  for  both  the  NRTL  equation  and  the  simple  solution  model 
are  listed  in  Table  6-1  for  the  Al-Ga-Sb  and  Al-In-Sb  systems  and  in 
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Table  6-2  for  the  Ga-In-Sb  system.  As  shown  above,  these  working 
equations  (Equations  (6-2)  and  (6-3))  are  implicitly  complex 
relations  for  T,  P,  XAC,  xA  and  xc. 


A computer  program  which  calculates  the  equilibrium  liquid  and 
solid  composition  (xA,  XAq)  with  a given  T and  x^  was  written  in  the 
Fortran  IV  language.  The  program  solves  Equations  (6-2)  to  (6-11) 
simultaneously  for  the  simple  solution  approach  with  the  added 
requirements  that  in  the  solid 


For  the  NRTL  equation,  the  program  solves  Equations  (6-2)  to  (6-8) 
and  (6-12)  to  (6-17)  simultaneously.  For  simplicity,  the  governing 
Equations  (6-2)  and  (6-3)  are  written  as 


6.3  Computational  Procedure 


(6-16) 


and  in  the  liquid 


(6-17) 


fl  = XAC  ' rACxAxC  exp ( “°AC  > = 0 


(6-18) 


(6-19) 


Since  the  above  implicit  working  equations  cannot  be  solved 
analytically  for  {x^,  X^},  these  are  obtained  by  iteration  using 


Table  6-2.  NRTL  and  simple  solution  parameters  used  for  calculation  of  the  Ga-In-Sb  phase  diagram. 
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the  Newton-Raphson  method.  Proper  choice  of  initial  values  of  xA  and 
XAC  and  specified  variables  of  T and  Xq  for  the  iterative  calculation 
is  very  important  to  avoid  divergence  and  excessively  long 
computation  times,  so  the  following  procedure  was  used:  the 

specified  variables  {T, xc } start  in  the  A-rich  region  of  the  binary 
AC  limit,  i.e.,  {T, ^xC^min,xB=0^5  and  then  gradually  increase  the  C 
content  of  x^,  i.e.,  {t,  ( Xq ) n+AXQ } , in  the  ternary  liquid  to  the  8- 
rich  binary  BC  limit,  i.e.,  {t, (xc)max,xA=o}  or  to  the  binary  C-rich 
binary  AC  limit,  i.e.,  (t, ( xq )max * xg=0 } . The  best  initial  guess 
^XA,XAC^  for  eactl  iteration  is  the  binary  limit  obtained  from 
previous  chapters.  In  this  way,  the  program  converges  very  rapidly 
with  only  three  or  four  iterative  steps  typically  referred  for  a 
given  set  of  specified  variables. 

6.4  Results  and  Discussion 

The  working  Equations  (6-2)  and  (6-3)  presented  here  are  simple 
and  useful  for  calculation  of  the  phase  diagram  because  the  problem 
of  quantitatively  describing  ternary  solid-liquid  equilibrium  is 
reduced  to  determining  the  standard  state  properties  (0IC)  and  the 
liquid  and  solid  mixture  properties  (T^). 

With  the  standard  state  for  each  component  chosen  as  the  pure 
component  in  the  phase  of  interest  and  at  the  temperature  of 
interest,  four  approaches  for  the  calculation  of  the  reduced  standard 
state  chemical  potential  change  (®jq)  have  been  discussed  in  detail 
in  Chapter  III.  The  recommended  values  listed  in  Table  3-6  are  used 
in  this  study.  The  other  term  contained  in  Equations  (6-2)  and  (6-3) 
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1S  rIC»  and  1ts  determination  is  discussed  here.  As  mentioned  in 
Chapter  IV,  the  component  activity  coefficients  in  the  liquid  phase 
can  be  addressed  separately  from  those  in  the  solid  solution  by 
direct  experimental  determination  or  by  analysis  of  the  binary 
limits,  since  yjq  = 1.  Typically,  the  available  binary  liquidus  data 
have  been  used  to  fix  the  adjustable  parameters  in  a solution  model 
with  9IC  determined  by  Equation  ( 1-1 ) ( Vieland ' s method  (9)).  The 
solution  model  expression  for  the  activity  coefficient  has  been  used 
not  only  to  represent  the  component  activities  along  the  liquidus 
curve,  but  also  the  stoichiometric  liquid  phase  activity  product 
needed  in  Equation  (1-1).  The  ternary  melt  solution  behavior  is  then 
obtained  by  extending  the  binary  models  to  describe  a ternary  mixture 
without  additional  adjustable  parameters.  The  binary  model 
parameters  that  are  determined  by  a liquidus  fit  using  method  I for 
®IC  c,°  no1:  9lve  reliable  values  for  the  enthalpy  of  mixing  or 
component  activity. 

The  parameters  listed  in  Tables  6-1  and  6-2  were  obtained  by 
fitting  the  different  experimental  data  sets.  As  shown  in  Chapter 
IV,  the  NRTL  equation  and  simple  solution  model  poorly  describe  the 
entire  Al-Sb  system  because  the  measured  AlSb  phase  diagram  is  quite 
asymmetric  on  both  sides  of  the  line  compound  AlSb.  It  is  evident 
that  the  use  of  these  solution  model  parameters  obtained  by  fitting 
the  entire  phase  diagram  or  the  combined  data  set  (liquidus,  enthalpy 
of  mixing,  component  activity)  would  cause  a discrepancy  between  the 
calculated  and  experimental  results  at  the  binary  limits.  Thus,  the 
A 1 — S b interaction  parameters  listed  in  Table  6-1  for  this  study  were 
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obtained  by  fitting  the  liquidus  data  on  the  Al-rich  side  (xA1_>0.5) 
only.  In  a similar  manner,  the  parameter  sets  listed  in  Table  6-1 
for  the  Ga-Sb  and  In-Sb  systems  were  obtained  by  fitting  the  liquidus 
data  only.  Note  that  these  models  cn  fit  the  entire  Ga-Sb  and  In-Sb 
phase  diagrams  well.  The  parameter  sets  for  the  Al-Ga  system  were 
obtained  by  fitting  the  combined  data  set  because  the  NRTL  equation 
and  simple  solution  model  can  represent  the  liquidus  and 
thermochemical  data  well. 

As  mentioned  in  Chapter  IY,  the  simple  solution  model  has  no 
ability  to  represent  the  Al-In  system  due  to  the  presence  of  an 
asymmetric  miscibility  gap  in  the  liquid  phase.  The  simple  solution 
parameters  listed  in  Table  6-1  for  the  Al-In  system  was  obtained  by 
fitting  the  combined  data  set.  The  value  w^-j  j = 1060  cal /mol 
proposed  by  Panish  and  Ilegems  (16)  is  also  listed  in  this  table. 

The  predicted  results  for  the  A1 -In-Sb  system  with  these  two 
parameter  sets  for  the  Al-In  system  were  compared.  The  pseudobinary 
solid  interaction  parameters  listed  in  Tables  6-1  and  6-2  were 
obtained  by  fitting  the  combined  data  set  (liquidus,  solidus,  liquid 
enthalpy  of  mixing)  with  second  approach  discussed  in  Chapter  V,  for 
which  the  liquid  mixture  is  treated  as  a pseudobinary  liquid 
solution.  The  parameter  sets  listed  in  Table  6-2  for  each  of  the 
three  binary  systems  were  obtained  by  fitting  the  combined  data  set 
consisting  of  liquidus  temperature,  enthalpy  of  mixing,  and  group  III 
activity.  The  parameter  values  for  the  Ga-Sb  and  In-Sb  systems  in 
this  table  are  taken  from  Aselage  et  al.  (187).  Also  shown  in  Table 
6-2  are  the  parameter  sets  for  the  Ga-Sb  and  In-Sb  systems  which  were 
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obtained  by  fitting  the  enthalpy  of  mixing  and  group  III  activity 
with  parameter  a fixed  at  T^.  The  calculated  results  for  the 
Ga-In-Sb  system  with  these  parameter  sets  are  presented  and  compared 
with  the  available  experimental  measurements. 

The  importance  of  the  term  in  calculating  ternary  (AXB^_XC) 
phase  diagrams  can  be  made  apparent  by  examining  the  distribution 
coefficient  Kjq,  which  is  defined  as  follows: 


It  is  easily  shown  from  Equation  (6-18)  or  (6-19)  that  the 
distribution  coefficient  can  be  calculated  by  the  relatively  simple 
equation 


KIC  = *cric  exp('V  (6-21) 

Since  0IC  is  a function  of  temperature  only,  the  slope  of  a plot  of 
K ic  versus  Xq  along  an  isotherm  is  proportional  to  This  plot 

can  be  compared  to  the  straight  line  that  is  produced  when  the  value 
°f  riC  1S  assumed  equal  to  unity,  which  occurs  when  either  the  liquid 
and  solid  mixtures  are  both  ideal  solutions  or  the  nonideality  in  the 
liquid  phase  (t]yq)  is  the  same  as  that  in  the  solid  (Yjq).  For  the 
ideal  case,  the  distribution  coefficient  is  calculated  by  the 
equation 


K!ceal  - xc  e*p(-v 


(6-22) 
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It  is  noted  that  the  values  of  0IC  and  0j'c  are  not  the  same. 
Substituting  af1 (T)  = af 1 (Tm)  = 0.5  into  Equation  (3-3)  or  (3-6)  and 
introducing  the  selected  values  listed  in  Table  3-2  into  the 
resulting  expression,  we  obtain 

5.481  - 5.133x10_4T  - 8261. 2/T  + 1.522  InT  (6-23) 

5.184  - 7.247x10"4T  - 7069. 9/T  + 1.696  InT  (6-24) 

5.724  - 7.061x10_4T  - 4917.8/T  + 1.656  InT  (6-25) 

where  T is  the  absolute  temperature  (K).  These  values  are  used  to 
calculate  the  ideal  distribution  coefficient  and  ideal  ternary  phase 
diagrams  in  this  study. 

An  experimental  value  for  can  be  assigned  by  solving 
Equations  (6-20)  and  (6-21)  for  Tjq  and  requires  values  for  0jq, 
based  on  the  experimental  properties  discussed  previously,  and 
liquidus  and  solidus  data.  The  resulting  expression  is  given  by 

^IC 

ric  '7-^exP(9IC>  <6-26> 

Shown  in  Figure  6-1  is  a plot  of  1 - versus  x^^  along  several 

isotherms  for  the  Al-Ga-Sb  system.  It  is  seen  that  fQasb  1S  nearly 
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Figure  6-1.  Values  of  1 - Tq  Sb  calculated  with  Equation  (6-26) 
versus  the  liquid  phase  mole  fraction  at  various 
temperatures  in  the  Al-Ga-Sb  system.  The  calculation 
used  the  recommended  value  of  0-  - listed  in  Table  3-6 
and  the  phase  diagram  determinations  of  Dedegkaev  et  al. 
(39):  $ , 778  k;  , 825  K;  A,  873  K;  and  of  Cheng  and 
Pearson  (48):  o,  773  K;  □ , 823  K. 
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Figure  6-2.  Values  of  1 - rQ,Sb  calculated  with  Equation  (6-26) 
versus  the  liquid  phase  mole  fraction  at  various 
temperatures  in  the  Ga-In-Sb  system.  The  calculation 
used  the  recommended  value  0QaSb  listed  in  Table  3-6  and 
the  phase  diagram  determinations  of  Antypass  (251):  o, 

773  K;  and  of  Gratton  and  Woolley  (24):  □ , 653  K;  A, 
703  K;  o , 748  K;  , 873  K;  +,  923  K. 
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independent  of  composition  in  the  Ga-rich  melts.  In  addition,  rQaSb 
varies  weakly  with  temperature  only  at  low  values  of  xSb,  at  which 
the  experimental  uncertainty  in  rQasb  is  expected  to  be  large.  It  is 
apparent  from  Equation  (6-26)  that  fjC  is  sensitive  to  the  small 
value  of  xj  or  xc  or  both.  The  partial  cancellation  in  both  the 
composition  and  temperature  dependence  of  rgasb  is  largely 
responsible  for  the  ability  of  rather  simple  solution  models  to 
represent  the  Al-Ga-Sb  ternary  phase  diagram.  Shown  in  Figure  6-2  is 
a similar  plot  of  1 - rga5b  versus  x^^  along  six  isotherms  for  the 
Ga-In-Sb  system.  As  can  be  seen,  the  result  of  rGaSb  for  this  system 
shows  that  rQasb  1S  a more  complex  function  of  both  temperature  and 
composition.  This  may  be  partly  because  of  the  large  lattice 
mismatch  (severe  nonideality)  between  two  binary  compounds  in  the 
solid  phase. 

The  solutions  of  Equations  (6-2)  and  (6-3)  for  various  liquidus 
isotherms  determined  for  both  the  NRTL  equation  and  simple  solution 
model  for  the  Al-Ga-Sb  system  in  the  Ga-rich  region  are  shown  in 
Figures  6-3  and  6-4,  respectively,  along  with  the  available  liquidus 
data.  As  shown  in  Figure  6-3,  the  results  calculated  with  the  NRTL 
equation  appear  too  high  for  both  cases  considered  here.  However,  as 
shown  in  Figure  6-4,  the  agreement  between  the  calculated  and 
experimental  liquidus  ( 48 ) ( w i th  the  exception  of  the  one  at  773  K 
(248))  is  excellent  when  the  simple  liquid  and  ideal  pseudobinary 
solid  solutions  are  applied.  As  mentioned  above,  this  is  expected 
because  rQa£b  is  nearly  independent  of  the  temperature  and 
composition  and  the  lattice  constants  of  GaSb  and  AlSb  are  nearly 
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Figure  6-3.  Liquidus  isotherms  in  the  Al-Ga-Sb  system  for  Ga-rich 
melts:  — , NRTL  liquid  and  simple  solid  solution;  — , 
NRTL  liquid  and  ideal  solid  solution;  Bedair  (248):  n , 

600°C;  Cheng  and  Pearson  (48):  o,  400°C;  •,  500°C;  9, 

550°C. 
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Figure  6-4.  Liquidus  isotherms  in  the  Al-Ga-Sb  system  for  Ga-rich 

melts  at  600,  550,  500,  and  400°C:  , simple  liquid 

and  solid  solution;  — , simple  liquid  and  ideal  solid 
solution;  □ , ref.  (248);  o,  ref.  (48). 
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equal  (6.095  A and  6.136  A).  The  results  represent  a significant 
improvement  over  previous  attempts  to  calculate  the  Al-Ga-Sb  phase 
diagram.  This  is  probably  due  to  the  improvement  in  the  standard 
state  property  calculation  as  discussed  in  Chapter  III.  Figure  6-5 
shows  the  773  K solidus  isotherm.  Once  again,  the  agreement  is  quite 
good  for  the  case  of  the  simple  liquid  and  ideal  solid  solutions. 

Plotted  in  Figure  6-6  are  the  calculated  distribution 
coefficients  as  a function  of  xSb  along  the  773  K,  823  K,  and  873  K 
isotherms  for  the  Al-Ga-Sb  system.  Also  shown  are  the  data  of 
Dedegkaev  et  al . (39)  and  Cheng  and  Pearson  (48),  and  the  results 
calculated  from  Equation  (6-22) (the  liquid  and  solid  both  behave 
ideally).  It  is  apparent  from  Equation  (6-22)  that  a plot  of  KA-,Sb 
versus  x$b  at  constant  temperature  should  yield  a straight  line 
having  a slope  of  exp ( s b ^ * ^i9urs  6-6  indicates  that  the 
assumption  of  a value  of  unity  for  rA-|$b  is  incorrect.  Deviations 
from  these  ideal  lines  are  an  indication  of  the  importance  of  the 
term  rA-|sb.  The  distribution  coefficients  calculated  with  the  simple 
liquid  and  ideal  solid  solution  models  are  in  excellent  agreement 
with  the  experimental  values  for  the  773  K isotherm,  while  the 
agreement  is  good  over  a large  portion  of  the  823  K isotherm.  The 
calculated  distribution  coefficients  for  the  NRTL  equation  are 
smaller  than  the  experimentally  determined  values  because  the 
calculated  liquidus  is  larger  than  those  determined  by  the 
experiment. 

The  calculation  procedure  for  the  generation  of  the  Al-In-Sb 
ternary  phase  diagram  is  based  on  the  simple  solution  model  for 
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Figure  6-5.  Solidus  isotherm  of  Al-Ga-Sb  system  at  500°C:  , 

simple  liquid  and  solid  solution;  — , simple  liquid  and 
ideal  solid  solution;  o.  Ref.  (18);  a.  Ref.  (48);  □ , 
Ref.  (19). 


AlSb  = XAISb  / XAI 
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Figure  6- 


6.  A1  distribution  coefficient  versus  antimony  mole 

fraction  in  the  Al-Ga-Sb  system:  — , simple  liquid  and 
ideal  solid  solution;  — , NRTL  liquid  and  ideal  solid 

solution;  , ideal  liquid  and  solid  solution;  o, 

773  K,  Ref.  (48);  □ , 823  K,  Ref.  (48);  •,  823  K,  Ref. 
(39);  A,  873  K,  Ref.  (39). 
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binary  and  pseudobinary  systems.  Figures  6-7  and  6-8  show  several 
A1 -In-Sb  1 iquidus  isotherms  calculated  with  the  same  parameter  sets 
with  the  exception  of  the  one  for  Al-In  (111-111'}  system.  It  is 
seen  that  the  interaction  parameter  wj]ln  for  the  A! -In  system  not 
only  affects  the  calculated  1 iquidus  curve  curvature  but  also  shifts 
the  calculated  liquidus  curve  position  at  the  pseudobinary  section. 

In  contrast  comparison  of  Figures  6-7  and  6-8  shows  that  the  best  fit 
parameter  w^-|jn  = 5596  - 0.705T  (cal /mol)  obtained  by  fitting  the 
combined  data  set  is  too  large.  The  better  results  shown  in  Figure 
6-7  were  obtained  with  w^-j  j n = 1060  cal  /mol  proposed  by  Panish  and 
Ilegems  (16).  As  discussed  by  Stringfellow  (79),  with  this  large 
value  of  w|iIn  errors  in  this  parameter  make  drastic  changes  in  the 
calculated  phase  diagram.  It  is  also  seen  from  Figures  6-7  and  6-8 
that  the  calculated  liquidus  isotherms  are  insensitive  to  the  solid 
interaction  parameter  used.  It  should  be  mentioned  here  that  the 
miscibility  gap  in  the  Al-In  liquid  extends  into  the  A1 -In-Sb  ternary 
melts.  No  further  attempt  has  been  made  here  to  calculate  the 
detailed  phase  diagram  because  experimental  data  for  this  system  is 
lacking.  Shown  in  Figure  6-9  is  the  calculated  A1  distribution 
coefficient  versus  x^  along  the  873  K and  1173  K isotherms.  Again, 
these  results  indicates  that  the  assumption  of  a value  of  unity  for 
rAlSb  ls  dearly  incorrect. 

Figure  6-10  shows  five  Ga-In-Sb  liquidus  isotherms  calculated 
with  the  NRTL  equation  and  simple  solution  model,  in  which  the  binary 
solution  parameters  were  estimated  by  using  a data  base  that  included 
experimental  values  of  liquidus  temperature,  group  III  component 
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Figure  6-7.  Liquidus  isotherms  in  the  Al-In-Sb  system:  , 

calculated  assuming  simple  liquid  (except  Al-In, 
strictly  regular  liquid)  and  solid  solution;  — , 
liquid  and  ideal  solid  solution. 
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Figure  6-3.  Liquidus  isotherms  in  the  Al-In-Sb  system:  , 

calculated  assuming  simple  liquid  and  solid  solution; 
— , calculated  assuming  simple  liquid  and  ideal  solid 
solution. 
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A1  distribution  coefficient  versus  antimony  mole 

fraction  in  the  AT  — In  — Sb  system;  t simple  liquid 

(Alin  strictly  regular  liquid)  and  simple  or  solid 
solution;  — , ideal  liquid  and  solid  solution. 


Figure  6-9. 
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Figure  6-10.  Liquidus  isotherms  in  the  Ga-In-Sb  system:  , 

calculated  assuming  NRTL  liquid  and  simple  solid 
solution  behavior;  — , calculated  assuming  simple 
liquid  and  solid  solution  behavior;  a , Ref.  (25); 
Ref.  (26);  o.  Ref.  (251);  a.  Ref.  (230). 
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activity,  and  enthalpy  of  mixing.  The  agreement  is  quite  good  for 
each  of  the  isotherms  predicted  by  the  NRTL  liquid  and  simple  solid 
solution  models  with  the  exception  of  the  one  at  573  K.  However,  the 
use  of  the  simple  liquid  and  solid  solution  models  gives  better 
results  for  this  low  temperature.  For  the  purpose  of  comparison  the 
phase  diagram  was  calculated  under  the  assumption  that  the  liquid 
phase  behaves  as  the  ideal  solution  and  the  solid  phase  behaves  as 
the  simple  or  ideal  solution.  The  results  of  these  calculation  for 
the  same  temperatures  as  above  are  shown  in  Figure  6-11.  As  can  be 
seen,  the  assumption  of  ideality  is  indeed  poor  as  liquidus 
temperatures  show  disagreements  of  as  much  as  100  K.  It  is  also 
shown  in  Figure  6-11  that  the  liquidus  isotherm  was  shifted  by  a 
large  amount  when  the  solid  phase  was  assumed  to  behave  as  an  ideal 
solution. 

Several  authors  (16,24-26)  have  used  the  simple  solution  model 
in  conjunction  with  Yieland's  (9)  liquidus  equation  to  calculate  the 
ternary  phase  diagram  for  the  Ga-In-Sb  system.  While  there  is  little 
difference  in  the  experimental  and  calculated  liquidus  isotherms  for 
any  of  the  investigations,  the  calculation  of  the  liquid  phase 
thermochemical  properties  shows  a marked  difference.  The  results  of 
these  investigations  usually  are  in  both  qualitative  and  quantitative 
disagreement  with  the  enthalpy  of  mixing  in  the  binary  systems.  As 
discussed  in  the  previous  chapter,  the  parameter  values  used  here 
have  been  shown  to  yield  calculated  values  which  are  in  good 
agreement  with  the  thermochemical  data. 
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Figure  6-11.  Liquidus  isotherms  in  the  Ga-In-Sb  system:  , 

calculated  assuming  ideal  liquid  and  strictly  regular 
solid  solution  behavior;  — , calculated  assuming  ideal 
liquid  and  solid  solution  behavior;  n , Ref.  (25);  o , 
Ref.  (26);  o.  Ref.  (251);  a.  Ref.  (230). 
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Shown  in  Figure  6-12  is  a plot  of  the  673  K Ga-In-Sb  solidus 
isotherms  calculated  with  the  NRTL  equation  and  simple  solution  model 
that  account  for  both  the  liquid  and  solid  phase  deviations  from 
ideal  behavior.  For  comparison,  the  result  calculated  with  the 
assumption  that  both  the  liquid  and  solid  phases  are  ideal  is  also 
plotted  in  this  figure.  As  was  found  before,  marked  differences 
exist  between  the  real  and  ideal  cases.  Again,  the  results  indicate 
that  the  NRTL  solution  model  with  parameters  estimated  from  binary 
data  provides  a good  description  of  this  system.  Such  plots  shown  in 
Figures  6-10  and  6-12  are  extremely  useful  to  provide  growth 
conditions  in  that  device  characteristics  generally  define  the  solid 
composition  required.  Unfortunately  very  little  experimental 
information  is  available  where  both  the  equilibrium  liquidus  and 
solidus  composition  have  been  measured.  In  these  studies  generally 
one  composition  is  measured  and  the  other  is  calculated  from  an 
appropriate  model. 

Plotted  in  Figure  6-13  as  the  dot  and  solid  lines  is  KQa<;b 
versus  xGb  calculated  with  the  model  studied  here.  For  comparison 
the  long  dashed  line  represents  the  ideal  values  calculated  with 
Equation  (6-22).  It  is  shown  that  the  results  calculated  from  the 
NRTL  equation  are  better  than  those  predicted  by  the  simple  solution 
model  for  x^XD.  1,  while  the  simple  solution  model  gives  better 
results  for  X5b<0.1.  As  the  ideal  (straight)  lines  in  this  figure 
show,  the  assumption  of  a value  of  unity  for  rGaSb  is  clearly 
incorrect,  although  it  is  interesting  to  note  that  the  slope  of  the 
experimental  data  in  the  range  3_<Kq  is  approximately  the  same 
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Figure  6-12.  Solidus  isotherm  of  Ga-In-Sb  system  at  400°C:  , NRTL 

liquid  and  simple  solid  solution;  — , simple  liquid 

and  solid  solution;  , ideal  liquid  and  solid 

solution;  o.  Ref.  (252). 
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Figure  6-13.  Ga  distribution  coefficient  versus  antimony  mole 

fraction  in  the  Ga-In-Sb  system:  , NRTL  liquid  and 

simple  solid  solution;  — , simple  liquid  and  solid 

solution;  , ideal  liquid  and  solid  solution;  Ref. 

(251):  o,  773  K;  Ref.  (24):  A,  873  K;  Ref.  (252): 
a,  673  K. 
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as  that  obtained  from  setting  rGaSb  equal  to  one  at  the  673  K and 
773  K isotherms.  This  means  that  the  slope  of  the  distribution 
coefficient  versus  mole  fraction  curve  is  determined  primarily  by  the 
value  of  eGaSb  and  thus  by  the  temperature.  In  addition,  this  result 
indicates  the  liquid  phase  activity  coefficients  (y]y,1)  are  nearly 
cancelled  by  the  solid  phase  activity  coefficients  (T ) . Thus  model 
selection  and  parameter  estimation  procedures  based  on  ternary  phase 
diagram  determinations  alone  can  be  misleading. 

The  liquidus  composition  data  of  Gratton  and  Woolley  (24)  were 
calculated  rather  than  measured,  thus  the  distribution  coefficient 
derived  from  their  data  is  dependent  on  the  set  of  parameters  used  in 
the  calculation.  The  experimental  points  for  T = 873  K shown  in 
Figure  6-13  were  calculated  using  the  solidus  compositions  measured 
by  Gratton  and  Woolley  (24)  along  with  the  liquidus  compositions 
calculated  using  the  parameters  in  Table  6-2.  As  can  be  seen,  the 
distribution  coefficients  calculated  with  the  NRTL  equation  are  in 
excellent  agreement  with  the  experimental  values  for  the  873  K 
isotherm,  while  the  agreement  is  good  over  a large  portion  of  the 
773  K isotherm.  This  is  not  unexpected  as  the  experimental  data  of 
Antypass  (251)  at  low  gallium  mole  fraction  along  this  isotherm 
(773  K)  are  not  in  good  agreement  with  the  binary  In-Sb  liquidus  of 
Liu  and  Peretti  (112).  This  discrepancy  is  significant  in  the 
distribution  coefficient,  as  the  Ga  mole  fraction  appears  in  the 
denominator  of  Equation  (6-20). 

Figures  6-14  to  6-17  show  the  Ga-In-Sb  liquidus  isotherms, 
solidus  isotherms,  and  distribution  coefficients  calculated  with 
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Figure  6-14.  The  Ga-In-Sb  liquidus  isotherms  predicted  with  binary 
parameters  determined  for  the  combined  activity  and 
enthalpy  of  mixing  fit:  — , NRTL  (parameter  a'  fixed 

at  Tm  ^ liquid  and  simple  solid  solution;  — , NRTL 
liquid  and  ideal  solid  solution;  a.  Ref.  (25);  <>, 

Ref.  (26);  o.  Ref.  (251);  A,  Ref.  (230). 
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The  Ga-In-Sb  liquidus  isotherms  predicted  with  binary 
parameters  (parameter  a1  fixed  at  T*c)  determined  for 
the  combined  activity  and  enthalpy  of  mixing  fit:  , 

simple  liquid  and  solid  solution;  — , simple  liquid  ' 
and  ideal  solid  solution;  o,  Ref.  (25);  0,  Ref.  (26); 
o.  Ref.  (251);  A,  Ref.  (230). 


Figure  6-15. 
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Figure  6-16.  The  Ga-In-Sb  solidus  isotherms  (400 °C)  predicted  with 
binary  parameters  (parameter  a’  fixed  at  TI(") 
determined  for  the  combined  activity  and  enthalpy  of 
mixing  fit; _ NRTL  liquid  and  simple  solid  solution; 

liquid  and  ideal  solid  solution;  . , simple 

liquid  and  solid  solution;  , simple  liquid  and 

ideal  solid  solution;  o.  Ref.  (252). 
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rigure  6-17.  Ga  distribution  coefficient  versus  antimony  mole 

fraction  in  the.Ga-In-Sb  system:  — , NRTL  (parameter 
a.  fixed,  activity  and  enthalpy  of  mixing  data  set  fit) 
liquid  and  simple  solid  solution;  — , simple 
(parameter  a1  fixed,  same  data  base)  liquid  and  solid 

solution;  , ideal  liquid  and  solid  solution;  Ref. 

(24):  o,  703  K;  A,  873  K. 


270 


several  solution  models,  in  which  the  binary  solution  parameters  (the 
parameter  a fixed  at  T*C)  were  estimated  by  using  a data  base 
consisting  of  the  enthalpy  of  mixing  and  group  III  component 
activity.  As  can  be  seen,  the  results  obtained  for  this  parameter 
set  are  similar  to  those  obtained  from  the  combined  data  set 

(T ,AHm’a!lI )•  For  the  purpose  of  comparison  the  phase  diagrams  in 
Figures  6-14  and  6-15  were  calculated  under  the  various  situations. 
Once  again,  the  NRTL  equation  gives  better  results  as  the  Sb  content 
xSb  1n  the  1 t quid  phase  is  increased.  Also,  the  assumption  of 
ideality  for  the  solid  phase  is  very  sensitive  to  the  calculation  of 
the  phase  diagrams. 

As  mentioned  previously,  the  lattice  matching  of  the  active 
layer  to  the  substrate  is  necessary  to  produce  high  quality  defect- 
free  epitaxial  layers.  If  the  Yegard's  law  is  satisfied  in  the 
Ax8l-xC  system,  the  lattice  constant  of  the  AXB1_XC  with  a 
composition  X is  expressed  in  the  following  equation: 

ax(A)  = X*aAC (A 1 + (1  " X)*aBC(A)  (6-27) 

where  aIC  is  the  lattice  constant  of  the  binary  compound  IC. 
Introducing  the  room- temperature  lattice  constants  a(AlSb)  = 6.1355A, 
a(GaSb)  = 6.09593  A,  and  a(InSb)  = 6.47937  A given  by  Panish  and 
Ilegems  (16)  into  Equation  (6-27),  we  obtained  the  lattice  constants 
for  the  AlxGa1_xSb,  AlxIn1_xSb,  and  GaxIn1_xSb  systems  as  follows: 

o 

a (A)  = 6.09593  + 0.03967X,  for  A1  Ga,  Sb 
A x 1-x 


(6-23) 
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ax(A)  = 6.47937  - 0.34387X,  for  A1  In,  Sb  (6-29 

X i.  “X 

and 

o 

ax(A)  = 6.47937  - 0.38344X,  for  Ga  In,  Sb  (6-30 

It  has  been  shown  that  the  lattice  constants  of  the  AlxGa1_xSb  (253) 
and  GaxIn1.xSb  (254)  systems  are  proportional  to  X,  i.e.,  Vegard's 
law  is  satisfied  in  these  two  systems.  Mo  report  is  available  about 
the  lattice  constant  for  the  AlxIn^_xSb  system.  The  numerical 
solution  of  the  AX31_XC  solid  compositions  lattice-matched  to  the 
substrate  for  a variety  of  temperatures  can  be  solved  by  Equations 
(6-16)  to  (6-19)  with  the  constraint  Equation  (6-27). 

The  results  presented  in  this  chapter  show  that  the  NRTL  model 
parameters  based  on  the  binary  combined  data  set  (T1 , AH^.a Jn ) and 
simple  solution  model  parameters  based  on  the  pseudobinary  data  set 
(T  ,T  ,AHm)  performed  the  best  in  the  description  of  the  Ga-In-Sb 
system  due  to  its  ability  to  represent  the  asymmetric  and 
temperature-dependent  thermodynamic  properties  for  the  binary 
limits.  The  common  practice  of  applying  the  simple  solution  model 
for  both  phases,  however,  gives  only  fair  agreement  between  the 
calculated  and  experimental  values.  The  results  with  the  assumption 

of  wAlSb-GaSb  = 0 for  the  Al-Ga-Sb  system  indicate  that  the  use  of 
only  the  binary  phase  diagrams  in  the  data  base  for  the  simple 
solution  model  parameter  estimation  gives  good  values  for  the  ternary 
liquidus  and  solidus  isotherms.  While  these  simple  solution  model 
parameters  provide  a good  representation  of  phase  equilibrium  for  the 
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Al-Ga-Sb  system,  it  is  unable  to  represent  the  other  thermodynamic 
properties.  As  an  example,  the  liquid  phase  enthalpy  of  mixing 
calculated  with  the  parameters  listed  in  Table  6-1  was  qualitatively 
and  quantitatively  incorrect  for  the  binary  group  III-V  systems.  No 
report  is  available  about  the  solidus  isotherms  for  the  Al-In-Sb 
system.  The  Alin  model  parameters  were  very  sensitive  to  the 
calculation  of  the  Al-In-Sb  phase  diagram.  This  may  be  partly 

because  the  solution  models  studied  here  are  unable  to  represent  this 
system. 


CHAPTER  VII 

THERMODYNAMICS  OF  THE  A1 xGay In1_x_ySb  SYSTEM 

Quaternary  III-V  alloys  have  been  widely  used  in  various  device 
applications  because  both  the  energy  gap  and  the  lattice  constant  can 
be  independently  adjusted  to  values  required  by  devices.  Although 
there  is  considerable  interest  in  these  alloys,  only  one  quaternary, 
GalnAsP,  has  been  extensively  studied.  The  phase  diagram  in  this 
system  is  known  in  detail,  but  for  most  of  the  other  quaternaries 
there  are  relatively  few  experimental  results  available. 

In  some  of  III-V  and  1 1 -VI  systems  the  presence  of  a miscibility 
gap  and  the  volatile  and  highly  reactive  nature  of  the  constituents 
makes  crystal  growth  difficult.  For  example,  it  is  expected  that  the 
growth  of  Al-containing  alloys  will  encounter  serious  difficulties 
resulting  from  the  extremely  large  segregation  coefficient  of  Al.  In 
addition,  Wooley  (255)  showed  that  the  preparation  of  single  phase 
alloys  containing  Sb  by  simple  melt  and  anneal  technique  is  difficult 
and  requires  long  equilibrium  times.  This  was  confirmed 
experimentally  in  the  work  of  (256)  when  three  months  of  annealing 
was  found  to  be  insufficient  time  for  equilibrium  to  be  stablished  in 
AlxGayIn1_x_ySb  alloys.  Ingots  of  these  quaternary  alloys  have  been 
prepared  by  different  bulk  crystal  growth  methods,  but  strong 
separation  effects  and  different  phases  have  been  observed  within 
ingots  (256). 
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The  purpose  of  this  chapter  is  to  present  the  AlGalnSb  phase 
diagram  calculated  by  using  the  simple  solution  model  with 
interaction  parameters  estimated  from  a fit  of  binary  and 
pseudobinary  data  alone.  This  quaternary  is  expected  to  prove  useful 
for  longer  wavelength  (x  = 1.24  - 2.07  um)  infrared  lasers  with 
lattice  matching  to  AlSb  (257).  For  the  AlxGayIni_x_ySb  system  no 
previous  work  has  been  reported.  Because  of  the  lack  of  experimental 
data,  the  accuracy  of  the  calculated  quaternary  phase  diagrams  could 
not  be  adequately  tested.  However,  the  calculation  will  provide  an 
efficient  guide  for  the  future  growth  in  the  AlGalnSb  system. 

7 • ^ Calculation  of  the  Phase  Diagram 
The  AlGalnSb  quaternary  system  is  characterized  by  one  ternary 
(atoms  Al,  Ga  and  In)  and  one  unary  (atom  Sb)  sublattice.  Obviously, 
mixing  among  atoms  involves  only  the  three  kinds  of  atoms  occupying 
one  of  the  sublattices,  thus  this  quaternary  solid  solution  may  be 
imagined  as  the  mixture  of  three  pure  binary  compounds  AD,  BD  and 
CD.  For  simplicity  of  notation,  components  Al,  Ga,  In  and  Sb  in  the 
quaternary  A"IxCayIn1_x_ySb  will  be  denoted  1,  2,  3 and  4 in  all 
equations  for  the  system  have  been  derived  in  Chapter  2.2  and 
repeated  below 

\ “ r34(l  - xj)exp(-e34) 

X1  - ** 1rr24gxp(~924)  ~ T34exp(-934) 

1 ri4exP(-014)  - r34exp(-e34)  x2  r14exp(-914)  - r^expi-e^p 


(2-138) 
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r24exp(-024)-r34exp(-034)^ 

r14exPi"°14,“r34exP(‘034)] 


(2-139) 


and 


(2-140) 


where  9jC  and  rIC  are  defined  by  Equations  (2-49)  and  (2-50)  with 
m = n = 1,  i.e.. 


The  recommended  values  of  0jq  to  be  used  in  this  chapter  are 
given  in  Chapter  III.  The  calculation  of  the  term  rIC  involves  the 
representation  of  the  nonidealities  present  in  each  phase,  as 
indicated  by  the  ratio  of  liquid  to  solid  phase  activity 
coefficients,  with  a solution  model.  On  the  basis  of  the  simple 
solution  approximation,  the  activity  coefficients  for  the  solid  can 
be  written  from  equation  (1-6)  with  n = 3 as 


0 


IC 


I C 

“RT ; I = 1,  2 or  3;  C = 4 (2-49) 


and 


; IC  = 14,  24  or  34 


(2-50) 


(7-1) 
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RT1nY24  - w24-34 (1_x~y )^+w14_24x^+{w24_34+w14_24-w14_34 ) ( l-x-y )x 

(7-2) 

RT1nY34  = W14-34x2+w24-34y2+(w14-34^24-34"W14-24)xy  {7_3) 

Similarly,  we  have  for  the  liquid 


RTlnYl  = W12X2+W13X3+W14X4+X2X3^W12+W13~W23^+X2X4^W12+W14~W24) 
+X3X4{W13+V,14_W34)  ’ 


(7-4) 


RTlnY2  = wi2xi+w23x3+w24x4+xlx3(w124v'23"w13)+x3x4(w23+w24_w34) 

+X1 X4 ( W 12+W24_W 14 ^ ’ (7-5) 


RT1nY3  = W13X1+W23X2+W34X4+X1X2(W13+W23-W12)+X2X4(W23+W34-'A,24) 
+X1X4(W13+W34_W14)  5 


(7-6) 


RT'nY4  * w14xl+w24x2+w34x3+xlx2 14+w24-w12 ^ +x lx3 14+w34— w 
+x2x3 (w24+w34_w23  ^ » 


13 


(7-7 ) 


There  exists  six  binary  interaction  parameters  in  the  liquid 
solution: 


12*  13  * 14’  23  * 24 


w0.  and  w 


34 


The  solid  solution  is  described  by  three  quasibinary  interaction 


parameters: 
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W14-24’  w 14-34  an<i  w24-34 

It  is  obvious  that  the  simple  solution  treatment  of  the 
quaternary  solutions  includes  the  assumption  that  the  interaction 
parameters  are  independent  of  composition  and  thus  values  of  w 
determined  from  binary  and  quasi  binary  solutions  may  be  used  for 
quaternary  solutions.  These  values  taken  from  Chapters  IV  and  V are 
listed  in  Table  7-1.  Apparently,  these  working  equations  are 
implicitly  complex  relations  for  T,  P,  x,  y,  x^,  X2  and  x^.  As 
mentioned  previously,  the  number  of  degrees  of  freedom  is  equal  to 
four  for  a quaternary  system.  Thus,  if  T,  P,  x1  and  x2  are 

specified,  then  x^,  x and  y can  be  completely  determined  by  these 
imp! icit  equations. 


7.2  Computer  Program 

A computer  program  which  calculates  the  equilibrium  liquid  and 
solid  composition  (x^,  x and  y)  with  a given  T,  x^  and  x2  was  written 
in  the  Fortran  IV  language  and  about  one  hundred  statements  in 
length.  The  program  solves  Equations  (2-138)  to  (2-140)  and  (7-1)  to 
(7-7)  simultaneously  with  the  added  requirements  that  in  the  solid 

X14  + x24  + x34  = 1 ( 7-8) 

and  in  the  liquid 


X1  + x2  + 


X3  + 


= 1 


(7-9) 
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Table  7-1. 

Values  of  the  simple 

solution  parameters  and  0jq. 

Component 

w(cal/mole);  T/K 

eIC  (T/K) 

Al-Sb 

13437.3  - 12.854  T 

-5.48  - 5.13xl0"4  T - 9176. 88/T 

+ 1.52  In (T) 

Ga-Sb 

3208.9  - 5.886  T 

5.37  - 7950. 0/T  + 0.10  ln(T) 

In-Sb 

-4500.5  + 0.906  T 

-5.72  - 7.06x10_4T  - 5902. 12/T 

+ 1.66  In (T) 

Al-Ga 

589.9  - 0.318  T 

— 

AT -In 

1060* 

— 

Ga-In 

1029.9  + 0.29  T 

— 

AlSb-GaSb 

3858.5  - 3.058  T 

— 

AlSb-InSb 

1575.0  - 1.874  T 

— 

GaSb-InSb 

1884.1  - 0.425  T 

* Source:  Reference  (16) 
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System  of  working  equations  (2-138)  to  (2-140)  can  be  written  as 


= X ' rl4xix4exp(“914)  = 0 

(7-10) 

= y ~ T24x2X4exp(-924)  = 0 

(7-11) 

= 1 - x - y - r34x3x4exp(-e34)  = 0 

(7-12) 

Equations  (7-10)  to  (7-12)  can  be  obtained  from  Equations  (2-135)  to 
(2-127)  with  m = n = 1. 

The  corresponding  algorithm  is 

(1)  Reading  of  the  initial  guess  for  {x4,x,y}  = {UQ } and  the 
specified  variables  {T,x1,x2}. 

(2)  Calculation  of  the  recommended  values  0jq  and  interaction 
parameters  w. 

(3)  Calculation  of  the  liquid  composition  ( x 3 ) ^ . 

(4)  Calculation  of  the  solid  and  liquid  activity  coefficients. 

(5)  Computation  of  residual  {fi.f2.f3}  = {f-}. 

(6)  Calculation  of  the  variation  of  solution  {Ax4,Ax,Ay}  = 

K-}. 

(7)  Correction  of  solution:  {Ui } = {U^ } + { AU } . 

(8)  Execute  convergence  test  with  iaU^  or  nf^i.  If  the 
solution  is  not  convergent,  then  iteration  goes  to  step  (3). 

(9)  Printout  of  results. 

Since  the  implicit  working  equations  cannot  be  solved 
analytically  for  {x4,x,y},  these  are  obtained  by  an  iterative 
solution  using  the  Newton-Raphson  method.  Proper  choice  of  initial 
values  and  specified  variables  for  the  iterative  calculation  was 
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found  to  be  important  in  order  to  avoid  divergence  and  excessively 
long  calculation  times,  so  the  following  procedure  was  used:  The 

specified  variables  {t,x1,x2}  start  from  the  ternary,  AllnSb,  in  the 
Al-rich  and  In-rich  region,  i.e.,  {t,x1,x2=o},  and  then  the  Ga 
content,  x2,  is  gradually  increased,  i.e.,  {t,x1,x2+ax21 , in  the 
liquid  to  the  ternary,  AlGaSb,  in  the  Al-rich  and  Ga-rich  region. 

The  best  initial  guess  {x4,x,y}  for  each  iteration  is  the  ternary 
limit.  In  this  way,  the  program  converges  very  rapidly  with  only 
three  or  four  iterative  steps  for  a given  initial  variable  set.  A 
sample  program  for  the  calculation  of  the  quaternary  AlGalnSb  system 
is  listed  in  Appendix. 


7.3  Results  and  Discussion 

The  AlGalnSb  phase  diagram  was  calculated  by  treating  the 

quaternary  liquid  and  solid  as  a simple  solution  in  which  the 

interaction  parameters  are  approximated  by  a linear  temperature 

dependent  function.  Tne  basic  equations  expressing  chemical 

equilibrium  between  the  pseudoternary  solid  of  the  type  A 3 Ci  D 

x y 1 - x -y 

and  the  quaternary  liquid  were  derived  in  Chapter  II.  These 
equations  are  simple  and  useful  for  the  calculation  of  the  phase 
diagram  because  the  problem  is  now  reduced  to  the  calculation  of  two 
kinds  of  parameters  9IC  and  rIc.  These  quantities  can  be  calculated 
from  well  characterized  thermodynamic  data. 

The  parameters  used  in  this  calculation  deserve  some  comment 
because  some  of  them  were  obtained  by  fitting  different  experimental 
data  sets.  In  Chapter  VI,  it  was  claimed  that  the  values  of  three 
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interaction  parameters,  w^4,  W24  and  W34,  which  are  obtained  by 
fitting  the  phase  diagrams  only,  had  to  be  adopted  to  obtain  the 
reasonable  calculated  phase  diagram.  Also,  the  AlSb  interaction 
parameter  w14  used  here  is  only  good  for  Al-rich  side  (xSi3<p.5) 
because  the  simple  solution  model  cannot  be  used  to  describe  the 
whole  asymmetric  system.  The  obvious  fact  of  the  use  of  the  combined 
data  set  interaction  parameters  is  the  discrepancy  between  the 
calculated  and  experimental  results  at  binary  or  ternary  limits. 

Thus,  the  calculated  curves  can  be  systematically  lower  or  higher 
than  the  experimental  data.  The  other  parameters  w-^,  W23,  *14-243 

w14-34  and  w24-34  used  in  the  calculations  were  obtained  by  fitting 
the  combined  data  set  because  the  simple  solution  model  can  represent 
the  thermodynamic  properties  as  well  as  the  phase  diagrams  for  these 
systems. 

Information  on  the  thermodynamic  properties  of  the  Al-In  system 
is  less  reliable.  The  parameter  w13,  assumed  to  be  independent  of 
temperature,  was  taken  from  value  reported  by  Panish  and  Ilegems 
(16).  However,  this  simplified  representation,  i.e.,  the  regular 
approximation  of  the  simple  solution  theory,  is  not  fully 
satisfactory  in  the  phase  equilibria  analysis  over  a wide  temperature 
range.  It  is  believed  that  this  is  the  cause  of  the  disagreement 
between  the  calculated  results  and  the  experimental  data  in  A1 In- 
containing  systems.  All  these  values,  except  w13,  are  different  from 
those  reported  by  previous  investigators.  However,  it  is  not  clear 
whether  these  parameters  are  useful  for  the  present  calculation  of 
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the  phase  diagram  or  not  because  no  experimental  data  are  available 
for  comparison. 

Figures  7-1  and  7-2  show  the  calculated  liquid  isotherms  as  a 
function  of  x|-j  at  600°C  and  700°C,  respectively.  These  figures 
indicate  that  the  main  feature  of  the  addition  of  A1  to  the  melt  is 
to  appreciably  decrease  the  solubility  of  Sb  in  the  liquid.  In 
addition,  the  solubility  of  Sb  at  lower  A1  content  decreases  with 
increasing  Ga  in  the  liquid,  while  the  presence  of  Ga  has  a less 
pronounced  effect  in  the  higher  A1  content  region.  These  isotherms 
also  indicate  that  the  aluminum  mole  fraction  in  the  liquid  increases 
with  increasing  temperature.  The  A1  compositions  shown  in  Figures 
7-1  and  7-2  may  be  selected  to  permit  the  growth  of  A1 „GavIn,  Y_„Sb 
epitaxial  layers  on  AlSb  substrate  within  a reasonable  temperature 
range.  Figures  7-3  and  7-4  show  calculated  A^Gayln^.ySb  solid 
compositions  in  equilibrium  with  the  quaternary  liquids  as  a function 
of  xAi  at  600  C and  700°C,  respectively.  The  calculation  has  the 
trends:  x increases  as  y decreases  for  a given  temperature  and  y 

increases  with  decreasing  temperature. 

For  those  solid  compositions  that  are  lattice  matched  to  AlSb, 
Yegard's  law  has  been  used  to  find  that  x and  y are  related  by 

x = 1 - 1.115  y , 0£y  <_  0.897  (7-13) 

To  derive  this  relationship,  we  have  used  the  room  temperature 
(300°K)  lattice  constants  (16):  a(AlSb)  = 6.1355  A,  a(GaSb)  = 6.0959 

° o 

A,  and  a(InSb)  = 6.4794  A.  Equation  (7-13)  is  plotted  in  Figures  7-3 
and  7-4  as  the  dashed  line.  We  note  that  the  lattice  matching 
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Figure  7-1.  Calculated  liquidus  isotherms  at  600°C  in  the  AlGalnSb 
system  as  a function  of  . 
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Figure  7-2. 


Calculated  liquidus  isotherms  at  700°C  in  the  AlGalnSb 

system  as  a function  of  xL. 

A1 
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AlSb 


X InSb  — > 


Figure  7-3.  : Calculated  AlxGayIn1_x_  Sb  solid  compositions  in 

"(jiui  1 ibrium  with  the  quaternary  liquids  as  a function  of 
A]  at  600°C.  — : represent  compositions  of  the 


- represent  compositions  of  the 
quaternary  solids  lattice-matched  to  AlSb 
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AlSb 


X InSb  — > 


Figure  7-4. 


i .Cal.cu1aTed  A1  xGayIn2_x_ySb  solid  compositions  in 

equilibrium  with  the  quaternary  liquids  as  a function  of 
xAl  at  700  c*  represent  compositions  of  the 


quaternary  solids  lattice-matched  to  AlSb. 
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conditions  may  differ  greatly  from  Equation  (7-13)  because  of  the 
difference  in  the  thermal  expansion  coefficients  between  the  layer 
and  the  substrate.  The  lattice  parameter  values  for  the  complete 

AlxGayIn^_x_ySb  alloy  system  have  been  determined  experimentally  by 
Zbitnew  and  Wooley  (256)  and  given  by 

a(x,y)  = 6.4789  - 0.3433x  - 0.3834y  - xy(l-x-y)(4  - 3.25x  - 3.25y)  A 

(7-14) 

Note  that  uhe  last  term  in  the  above  equation  is  the  deviation  from 
the  result  calculated  by  Yegard's  law.  Equation  (7-14)  serves  as  the 
lattice  matching  condition  that  must  be  satisfied  for  the  quaternary 
solids  lattice  matched  to  the  substrate  with  the  lattice  parameter 
a(x,y).  For  example,  the  quaternary  solid  compositions  lattice- 
matched  to  AlSb  are  obtained  by  setting  a(x,y)  = a(AlSb)  in  Equation 
(7-14) 

x = 1 " 1.117y  - xy ( 1-x-y ) ( 10.195  - 9.467x  - 9.467y)  (7-15) 

The  numerical  solution  of  the  AlxGayIn^_x_ySb  solid  compositions 
lattice-matched  to  AlSb  for  a variety  of  temperatures  can  be  solved 
by  Equations  (7-1)  to  (7-12)  with  the  constraint  Equation  (7-15). 

Note  that  the  solid  of  the  type  Ax3yCi_x_yD  is  completely 
analogous  to  the  pseudobinary  solid.  Therefore,  as  discussed 
previously,  the  most  convenient  way  to  compare  the  ideal  and  real 
solutions  can  be  made  by  the  use  of  the  distribution  coefficient  of 
component  I as  follows: 
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KID  - -t—  » ID  = 14,  24  and  34  (7-16) 

XI 

The  distribution  coefficient  of  component  I may  be  calculated  by  the 
equation 


KID  = riDxI  exP(-0io>  (2-132) 

It  is  obvious  that  the  term  rIQ  defined  by  the  above  equation  is 
responsible  for  deviations  from  the  ideal  solution  behavior.  In  the 
ideal  case  rID  is  unity  and  a plot  of  Kjq  versus  x]  at  constant 
temperature  should  yield  a straight  line  having  a slope  of  exp(-0jD). 

Shown  in  Figures  7-5  and  7-6  are  the  calculated  distribution 
coefficients  versus  x<jb  as  a function  of  x|-j  along  the  600°C  and 
700°C,  respectively.  These  figures  indicate  that  the  distribution 
coefficients  are  complex  functions  of  temperature  and  composition 
XA1*  lt  1S  clear  That  the  assumption  of  a value  of  unity  for  rID  is 
incorrect.  The  distribution  coefficient  becomes  large  with 
decreasing  both  temperature  and  x^-| . This  result  predicts  the  liquid 
solution  will  readily  become  depleted  in  A1  at  an  early  stage  of  the 
cooling  process  in  LPE  growth,  where  the  solid  and  the  liquid  may  be 
in  equilibrium  because  of  sufficiently  slow  cooling  rate  as  compared 
with  aluminum  diffusion  in  the  liquid. 

As  mentioned  above,  quaternary  III-V  solid  solutions  are 
important,  materials  for  the  fabrication  of  closely  lattice-matched 
heterojunction  optoelectronic  devices.  In  the  growth  of  the  solid 


Figure  7-5.  A1  distribution  coefficient  versus  antimony  mole 
fraction  as  a function  of  at  600°C. 
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Figure  7-6. 


A1  distribution  coefficient  versus  antimony  mole 
fraction  as  a function  of  at  700“C. 
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solutions,  however,  the  existence  of  a miscibility  gap  seriously 

limits  the  feasibility  of  obtaining  uniform  single-crystal  epitaxial 

layers  at  a certain  temperature.  Onabe  (87)  calculated  the  unstable 

regions  in  type  AxByC1_x_yD  III-V  quaternary  solid  solutions  with 

strictly  regular  solution  approximation.  The  calculated  spinodal 

isotherms  for  various  temperatures  show  that  the  existence  of 

miscibility  gaps  found  on  the  ternary  side  is  a common  feature  of 

these  quaternaries.  The  unstable  region  of  the  A1  Ga  In-i  _ Sb 

x y i x-y 

system  appears  at  as  low  as  T = 155°C  at  Gag  5lng  gSb  for  the  present 
calculation.  The  experimental  results  (256)  indicate  that  single 
phase  solid  solution  occurs  at  all  compositions  in  the  quaternary 
system  A1 xGayIn1_x_ySb;  no  miscibility  gaps  have  been  observed. 


CHAPTER  VIII 

SOLID-STATE  ELECTROCHEMICAL  STUDY  OF  THE 
STANDARD  GIBBS  ENERGY  OF  FORMATION  OF  ALUMINUM 
OXIDE  USING  A CALCIUM  FLUORIDE  SOLID  ELECTROLYTE 

8. 1 Introduction 

Galvanic  cells  with  CaF2  as  the  solid  electrolyte  have  been 
extensively  used  in  measuring  high  temperature  Gibbs  energies  of 
formation  of  fluorides  (258),  borides  (259),  carbides  (260), 
phosphides  (261),  silicates  (262),  sulfides  (263)  and  metal  alloys 
(264).  In  each  case,  the  electrode  material  included  fluorine- 
containing  substances.  Calcium  fluoride  exhibits  anti -Frenkel 
defects  and  conducts  fluorine  ions  exclusively  over  a large  range  of 
the  electrolytic  domain  (265,266).  Some  good  reviews  of  its  use  and 
the  necessary  precautions  required  are  available  (106,267-269). 
Recently,  titration  experiments,  d-c  polarization,  a-c  admittance  and 
open  circuit  e.m.f.  measurements  (270,271)  have  shown  that  CaF2  will 
conduct  oxygen  ions  at  elevated  temperature  and  thus  might  be 
suitable  for  aluminum-containing  electrodes.  While  still  retaining  a 
unity  transference  number  under  the  reducing  conditions.  As  a result 
of  the  inaccessibility  of  A1  with  the  use  of  a solid  oxide 
electrolyte,  the  solid  electrolyte  CaF2  was  investigated  here. 

From  a technological  point  of  view,  the  use  of  a solid 
electrolyte  has  many  clear  advantages.  An  all  solid  state  device 
does  not  have  the  contaminative  problems  typical  of  liquid  solution 
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devices.  An  all  solid  state  device  is  also  less  prone  to 
electrochemical  side  reactions,  e.g.,  hydrolytic  effect,  and 
hydration  effects  of  aqueous  systems.  Furthermore,  manufacturing  can 
be  simple  and  inexpensive  since  most  production  steps  can  be  borrowed 
from  the  highly  developed  thin  film  and  semiconductor  technologies. 

In  battery  (272,273)  application,  solid  electrolytes  avoid  corrosion, 
fabrication,  and  miniaturization  problems  encountered  with  many 
aqueous  and  fused-salt  electrolytes.  Their  main  drawback  thus  far 
has  been  a high  internal  resistance  associated  with  the  low  specific 
conductivity  of  these  materials  under  many  conditions  of  interest. 

Other  problems  have  been  electrode  polarization  and  trace  electronic 
conduction. 

A solid  state  electrochemical  technique  was  used  to  measure  the 
standard  Gibbs  energy  of  the  formation  of  A1203  in  the  temperature 
range  from  802  to  921  K.  A solid-state  galvanic  cell  was  employed, 
utilizing  calcium  fluoride  (CaF2)  as  the  solid  electrolyte,  with  a 
(Ni  + NiO)  mixture  as  the  reference  electrode.  A linear  least-square 
analysis  of  the  results  showed  that  the  standard  Gibbs  energy  of 
formation  can  be  represented  by 

aG“  (A1203,S,T)  = -399.32  + 0.07480  T/K  ± 0.61  Kcal  mol"1 

A third-law  analysis  of  the  results  showed  that  the  standard  enthalpy 
of  formation  is  given  by 


AH“  (A1203,S,298  K)  = - 399.47  ± 0.71  Kcal  mol"1 
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which  is  about  0.25?  more  positive  than  the  generally  accepted 
thermochemical  value  of  -400.4  Kcal/mol.  Comparisons  with  results  of 
other  studies  are  presented. 

3.2  Theory 

The  solid-electrolyte  galvanic  cell  employed  in  measuring  the 
standard  Gibbs  energy  of  formation  of  Al203(s)  can  be  schematically 
represented  as 


where  Vf  and  Op  are  an  anion  vacancy  and  an  oxygen  ion  substituted  on 
a fluorine  lattice  site,  respectively.  The  overall  reaction  for  the 
cell  is 


The  half-cell  reactions  are  at  the  anode 


(8-1) 


at  the  cathode 


3 Nl'°(s)  + 3 vp  + 6 e“  = 3 Ni(s)  + 3 o" 


(3-2) 


(8-3) 


At  equilibrium,  the  Gibbs  energy  change  for  the  cell  reaction  and  the 
cell  e.m.f . are  then  given  by  the  relationship 
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(8-4) 


and 


aG°  (cell)  = -6  F E 


(8-5) 


respect! vely. 


Equations  (8-4)  and  (8-5)  allow  one  to  calculate  aG£  (A^O-^S.T) 
from  the  measured  experimental  e.m.f.  and  temperature  and  the  known 
standard  Gibbs  energy  of  formation  of  nickel  oxide: 


where  F is  the  Faraday  constant  and  E is  the  open  circuit  voltage 
measured  at  temperature  T.  AG^(NiO(s))  = -56010  + 20.37  T (±  0.2 
Kcal),  was  taken  from  Richardson  and  Jeffes  (274). 


The  galvanic  cell  design  is  depicted  in  Figure  8-1.  The 
graphite  crucible  consisted  of  two  co-centered  wells  with  different 
ID  and  depth.  The  Ni  + NiO  reference  electrode  was  contained  within 
the  inner  well  of  1.9  cm  diameter  x 0.19  cm  depth.  The  electrolyte 
was  placed  in  the  outer  well  of  2.6  cm  diameter  x 0.1  cm  depth.  The 
working  electrode  A1  + A^O-^  was  put  between  the  electrolyte  and  the 
graphite  disk.  Electrical  contacts  were  made  to  the  graphite  with 
0.51  mm  platinum  wire.  The  temperature  was  measured  with  a type  K 
(Chrome! -A1 umel ) thermocouple. 


(8-6) 


8.3  Experiment 
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Figure  8-1.  Experimental  apparatus. 


297 


The  cell  was  assembled  in  a 5.08  cm  ID  closed-end  alumina  tube 
30.48  cm  in  length  secured  by  a Vi  ton  0-ring  to  a water-cooled  brass 
cell-head.  The  cell  was  suspended  from  this  brass  head  with  spring- 
loaded  inconel  support  wires,  which  forced  the  cell  against  an 
alumina  disk  and  tightly  held  an  alumina  push  rod.  In  this  manner, 
the  cell  components  could  be  held  in  intimate  contact  and  the 
electrode  isolation  could  be  achieved. 

The  cell  was  heated  with  a Marshall  resistance-heated  furnace 
51  cm  in  length  with  a 6 cm  bore.  The  temperature  profile  was 
adjusted  with  external  shunt  resistors  such  that  a relatively 
constant  zone  (aT<1.5  C)  9 cm  in  length  existed  throughout  the 
temperature  range  investigated.  The  furnace  temperature  was 
controlled  using  a Lindberg  digital  temperature  controller.  The 
temperature  of  the  cell  was  measured  using  a Leeds  and  Northup  K-5 
potentiometer  in  conjunction  with  an  Omega  Model  TRC  III  ice  point 
cell.  The  cell  e.m.f.  was  measured  using  a Cary  Model  401  vibrating 
reed  electrometer  and  a EG&G  Model  173  potentiostat/gal vanostat. 

8.4  Material  s 

Single  crystal  CaF2  disks  of  2.54  cm  diameter  and  0.71  cm 
thickness  were  purchased  from  the  Harshaw  chemical  company.  The  disk 
faces  were  finely  ground  and  polished  with  0.05  ^m  alumina  paste 
obtained  from  Union  Carbide  products.  Before  their  use,  the 
electrolyte  disks  were  sintered  overnight  at  800°C  under  a purified 


hel ium. 
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Nickel  and  nickel  oxide  powders  used  in  this  study  were  obtained 
from  the  Atomergic  Chemical  Co.  and  had  a purity  of  99.99  moles 
percent.  Aluminum  powder,  99.999  moles  percent  pure  and  -325  mesh, 
was  obtained  from  Orion  Chemical  Co.  Aluminum  oxide  was  obtained 
from  Research  Organic/Inorganic  Chemical  Corp.  and  analyzed  99.995? 
purity.  Before  assembling  cell  (A),  the  Ni  and  NiO  were  mixed  in 
roughly  equal  amounts  by  volume  and  pressed  in  a 1.27  ID  die  at  12-15 
tons/in  into  electrode  pellets  of  1.27  cm  diameter  x 0.19  cm 
thickness.  Similarly,  A1  and  A1 2O3  were  mixed  and  pressed  in  a 
2.54  cm  ID  stainless  die  into  electrode  pellets  of  2.54  cm  diameter  x 
0.22  cm  thickness.  The  pressed  N i —NiO  pellets  were  sintered 
overnight  under  purified  helium  at  800°C.  The  A1 -A1 203  pellets  were 
sintered  at  620°C  overnight.  As  shown  in  Figure  8-2,  pure  helium  for 
use  in  purging  the  experimental  cell  was  prepared  by  passing  high- 
purity  helium  through  a series  of  molecular  sieves,  a furnace 
containing  a copper-copper  oxide  mixture  at  450°C,  and  finally 
through  a furnace  containing  Ti  sponge  at  750°C.  This  gas  was  used 
as  an  inert  purge  around  the  cell  during  an  experiment,  with  the 
purge  flow  rate  adjusted  to  20  cm3  min'1. 

The  aluminum  tubes  and  disks  used  in  this  study  were  purchased 
from  the  Coors  Porcelain  Co.  Graphite  crucibles  and  disks  of  purity 
greater  than  99.9995?  were  obtained  from  the  Ultra  Carbon 
Corporation. 
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Figure  3-2.  Helium  purification  system 
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8.5  Procedure 

In  each  of  the  experiments  the  cell  was  leak-checked  using  a 
vacuum  system,  then  purged  with  high-purity  helium.  To  avoid  thermal 
shock  to  the  electrode  and  electrolyte,  the  cell  temperature  was 
programmed  to  rise  at  100°C/hr  to  the  lowest  measurement 
temperature.  The  cell  was  held  at  this  temperature  for  2 days.  The 
approach  to  equilibrium  was  quite  sluggish.  The  cell  e.m.f.  was 
obtained  by  imposing  a greater  e.m.f.  than  the  equilibrium  value  and 
discharging  it  momentarily  through  an  external  circuit.  Reversible 
plateau  e.m.f.'s  for  45-60  min  duration  were  typically  obtained.  The 
cell  temperature  was  then  sequentially  incremented  and  decremented 
throughout  the  experimental  range,  with  the  cell  e.m.f.  measured  and 
recorded  at  each  temperature  until  the  complete  cycle  of  heating  and 
cooling  had  been  done,  at  which  time  the  cell  was  cooled  at  100°C/hr 
to  room  temperature  and  disassembled. 

8.6  Resul ts 

Table  8-1  shows  the  experimental  results  for  the  cell  (A).  The 
experimental  temperature,  observed  open  circuit  e.m.f.,  and  the  Gibbs 
energy  of  formation  of  aluminum  oxide  calculated  by  Equation  (8-6) 
are  listed.  A linear  least-squares  analysis  of  the  data  resulted  in 
the  following  expression: 

AGf(A12°3’S,T)  = " 399-32  + 0.0748  T/K  ± 0.71  Kcal  mol"1 


(8-7) 
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Table  8-1.  Summary  of  experimental  and  derived  results. 


T/K 


E/V 


-AG^  (A1203) 
(Kcal /mol ) 


Heating 


802.0 

833.7 

863.9 

879.5 

889.5 

900.2 

921.3 


1.5916 

1.5886 

1.5855 

1.5839 

1.5829 

1.5819 

1.5798 


339.329 

336.976 

334.695 

333.490 

332.777 

331.985 

330.405 


Cool ing 


920.8 

895.0 

883.5 

879.5 

864.8 

835.0 
824.7 


1.5799 

1.5823 

1.5838 

1.5840 

1.5854 

1.5883 

1.5893 


330.449 

332.358 

333.269 

333.510 

334.633 

336.855 

337.623 
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The  uncertainties  given  in  this  expression  are  those  computed  from 
the  standard  errors  of  the  Gibbs  energy  of  formation  of  M i 0 and  cell 
(A).  The  constant  term  appearing  in  Equation  (8-7)  corresponds  to 
the  standard  enthalpy  change  while  the  temperature  coefficient 
represents  the  standard  entropy  change. 

Shown  in  Figure  8-3  is  the  e.m.f.  values  of  cell  (A)  measured  in 
the  temperature  range  802-921  K.  A least  squares  analysis  of  the 
experimental  data  points  leads  to  the  following  expression: 

E(Y)  = 1.6708415  - 0.0000988  T/K  (8-8) 

The  calculated  e.m.f.  expression  from  the  known  values  for  the  free 
energies  of  formation  of  A1 203  (99)  and  NiO  (274)  is 

E(Y)  = 1.67106  - 0.0000949  T/K  (8-9) 

8.7  Discussion 

The  first  attempt  to  study  thermodynamic  properties  of  aluminum 
oxide  with  CaF2  solid  electrolyte  was  made  by  the  following  cell: 

Pt|A,(s)’  A12°3(s)'CaF2,N1(s)-  Ni0(s)lpt  (B) 

Cell  (B)  was  heated  ud  to  900°K  for  a few  days.  The  observed  e.m.f. 
of  the  cell  was  increasing  very  slowly  with  time  and  lower  than  the 
expected  value.  It  was  noted  that  the  addition  of  CaF2  about  5 % by 
volume  to  the  electrode  can  avoid  this  sluggish  process.  The  reason 
for  this  is  probably  due  to  the  fact  that  the  CaF2  directly  provides 
more  fluorine  vacancies  and  hence  changes  the  electronic  and  ionic 


Temperature(°K) 


Figure  8-3.  Experiment  E.M.F.  versus  T.  o:  heating  results;  A: 

cooling  results;  ; calculated  from  Eq.  (8-8);  — 

calculated  from  Eq.  (8-9). 
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conductivities  of  the  electrodes.  The  run  cell  schematic  is  as 
follows: 

Pt|C|Al (s) , A1203(s).  CaF2nCaF2iCaF2,  Ni($),  N10(s)|C|Pt  (A) 

As  shown  in  Figure  8-1,  this  cell  design  provides  three  advantages: 
First  of  all,  the  cell  helps  to  reduce  evaporation  of  the  volatile 
component  during  the  experiment.  Secondly,  the  cell  isolates  the 
electrode  and  diminishes  the  measured  e.m.f.  from  the  influence  of 
the  gaseous  atmosphere.  Finally,  the  cell  prevents  the  A1  electrode 
from  reacting  with  Pt  electrode  as  temperature  raised  higher  than  A1 
melting  point  to  form  Pt-Al  alloy.  The  equilibrium  process  for  the 
cell  (A)  is  faster  than  the  cell  (B).  The  observed  e.m.f.  has  been 
systematically  measured  over  36  or  even  48  hrs  at  every  experimental 
temperature  by  repeatedly  imposing  an  external  voltage  on  the  cell 
and  discharging  it  momentarily  through  an  external  circuit.  In  this 
way,  the  cell  can  be  forced  to  approach  equilibrium  quickly,  exclude 
non-equilibrium  effects  and  check  its  reversibility.  Reversible 
plateau  e.m.f.'s  curve  typically  obtained  for  45-60  min  duration. 

The  e.m.f.  results  from  cell  (A)  are  shown  in  Figure  8-3. 

Plotted  in  this  figure  as  the  solid  line  and  the  dash  line  are  the 
results  calculated  from  Equations  (8-8)  and  (8-9),  respectively.  It 
can  be  seen  that  the  results  in  this  study  are  less  than  that 
calculated  from  Equation  (8-9)  by  about  3.7  mV.  A comparison  of  the 
calculated  results  of  the  Gibbs  energy  formation  of  A 1 2O3  in  this 
study  with  data  reported  in  previous  studies  is  shown  in  Figure 
8-4.  This  figure  shows  the  experimental  values  of 
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Temperature(°K) 


Figure  8-4.  Comparison  of  various  results  for  AG£(A1203)  as  a 
function  of  temperature,  o (heating),  A (cooling), 

(long  dash),  this  study;  , Ref.  (275);  — 

(short  dash).  Ref.  (99);  , Ref.  (276). 
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aG^(A1203,S,T)  plotted  against  temperature,  with  the  least  squares 
straight  line  drawn  through  the  points  for  each  study.  Also  shown 
are  the  estimated  standard  Gibbs  energies  of  formation  against 
temperature  of  Coughlin  (275),  Kubaschewski  and  Alcock  (99)  and 
Pankratz  and  Kelley  (276).  In  comparison  with  the  results  of  other 
studies,  the  magnitude  of  AGf (A1203,S,T)  found  in  this  study  was  more 
positive.  The  reasons  are  possible  due  to  the  sluggish  equilibirum 
process  and  the  alumina  power  which  is  not  confirmed  to  be  a-Al203 
employed  in  this  study.  As  shown  in  Table  8-2,  crystalline  alumina 
(A1203)  can  occur  in  a series  of  different  structural 
modifications.  Among  these  only  the  a~modification  is 
thermodynamically  stable.  The  various  metable  forms  are  denoted  y , 

6,  and  k.  The  conditions  under  which  they  form  are  not  well 
understood.  Yokokawa  and  Kleppa  (277)  indicate  that  all  the  various 
metastable  modifications  can  be  converted  to  the  stable  form 
(a  A1203)  by  ignition  at  sufficiently  high  temperatures . However, 
the  conversion  process  is  quite  sluggish. 

To  evaluate  the  internal  consistency  of  the  experimental 
results,  and  to  facilitate  comparison  with  calorimetric  data,  a 
third-law  analysis  was  performed.  The  values  of  the  standard 
enthalpy  of  formation  of  A1203,  aH|(A1 203,S,298. 15  K),  were 
calculated  from  the  equation: 

A H£(A1 2°3>s , 298. 15  K)  = aG“(A1203>S,T)  - a f{  H “ (T ) - H°(298.15  K )} 

+ TaS’(A1203,S,298.15  K)  + TAf{  S°(T)-S°(298.15  K)} 


(8-10) 
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Table  8-2.  The  standard  heat 
aluminum  oxide. 

of  formation,  AH|  2gg, 

of  various 

Species  -aH^ 

298  (Kcal  mol-1) 

Ref 

Alpha  (a  ) —A  1 2O3 

400.4  ± 0.3 

(278,279) 

Kappa  ((c)-A1203 

397.3  ± 1.0 

(280) 

Delta  (6)-Al203 

378.3  ± 0.6 

(281) 

Gamma  (y  ) -A1  £03 

396.0  ± 1.5 

(280) 
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The  values  of  AS£(A1 203,S,298. 15  K),  Af{H°(T)-H°(298.15  K)}  and 
Af{S  (T)-S  (298.15  K)}  for  02(g)*  ^(s)  an(*  ^2®3(s)  were  ^ken  from 
Stull  and  Prophet  (280).  The  results  of  the  third-law  analysis  are 
presented  in  Table  8-3.  The  overall  mean  value  of 
AHf(Al203,S,298.15  K)  and  standard  deviation  from  the  mean  were  found 
to  be  -399.471  and  0.01  Kcal  mol"1,  respectively.  The  values  of 
AH.p  ( A1 203,S , 298. 15  K)  calculated  from  the  third-law  analysis  are 
compared  in  Figure  8-5  with  the  data  determined  by  direct  combustion 
calorimetry  and  to  value  calculated  from  electrochemical  cells.  The 
value  derived  from  the  present  study  differs  by  about  0.1%  from  the 
value  of  -399.04  ± 0.24  Kcal  mol"1  obtained  by  Snyder  and  Selta  (282) 
and  by  0.25%  from  the  value  of  -400.48  ± 0.25  Kcal  mol-1  obtained  by 
Mah  (279).  The  calculated  values  of  AH| (A1 203,S,298. 15  K)  showed  a 
temperature  independence  as  shown  in  Figure  8-5.  It  is  obvious  that 
the  standard  errors  involved  in  calculating  the  value  of 
AHf (A1 203,S , 298. 15  K)  from  Equation  (8-10)  come  from  the  measured 
uncertainties  of  AG^(A1203,S,T),  AS£(A1 203,S, 298. 15  K), 

Af{ H ° (T)-H ° (298. 15  K)}  and  Af{S°(T)-S°(298.15  K)}. 

A comparison  of  the  standard  enthalpy  of  formation  of  A 1 203  as 
derived  from  different  sources  is  summarized  in  Table  8-4.  It  is 
interesting  to  note  that  the  standard  enthalpy  of  formation  is 
neither  a monotonic  function  of  the  year  of  determination  nor  of  the 
purity  of  the  aluminum.  Clearly,  some  errors,  if  that  is  the  correct 
value,  are  involved.  As  mentioned  above,  there  is,  in  fact,  a number 
of  morphological  forms  of  aluminum  oxide  and  hydrates  thereof. 
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Table  3-3.  Third-law  analysis  of  the  experimental  results. 


-AH^(A1203,S,298.15  K) 

Deviation  from  mean 

T/K 

(Kcal  mol"1) 

(Kcal  mol"1) 

Heating 


802.0 

399.482 

833.7 

399.495 

863.9 

399.469 

879.5 

399.449 

889.5 

399.462 

900.2 

399.469 

921.3 

399.465 

(±0-7)  -0.010 

-0.024 

0.003 

0.013 

0.009 

0.002 

0.006 


Cool ing 


920.8 

399.472 

895.0 

399.454 

883.5 

399.506 

879.5 

399.485 

864.8 

399.474 

835.0 

399.471 

824.7 

399.470 

-0.001 

0.017 

-0.035 

0.023 

-0.003 

0.000 

0.001 


Mean  = -399.471  ± 0.71  Kcal  mol"1 


AHf(a  -AI2O3  , 298  K),  kcal/mol 
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Figure 


8-5.  Results  of  the  third  law  calculation  of  AHogo  versus 
measurement  temperature.  0 (heating)  and  A (cooling), 
this  study:  1:  Ref.  (279);  2:  Ref.  (278);  3:  Ref. 
(282);  4:  Ref.  (283);  5:  Ref.  (284);  6:  Ref.  (285); 
7:  Ref.  (286);  8:  Ref.  (287);  9:  Ref.  (288);  10: 

Ref.  (289);  11:  Ref.  (290). 
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Table  8-4.  Comparison  of  the  standard  enthalpy  of  formation  of  Al?0o 
from  different  sources.  L J 


Aluminum 

-AH  298 

Method 

Year 

Purity  (Z) 

(Kcal  mol~*  A1 2O3 ) 

Reference 

Combustion 
calorime try 

1901 

99.6 

330.2 

(285) 

1919 

95.0 

396.0  i 0.4 

(286) 

1924 

98.37 

375.8  ± 0.2 

(287) 

1929 

99.33 

380.8  ± 0.4 

(288) 

1934 

99.83 

393.3  ± 0.4 

(289) 

1940 

99.83 

402.9  ± 0.3 

(290) 

1945 

99.98 

390.0  ± 0.24 

(282) 

1951 

99.997 

400.29  ± 0.3 

(278) 

1953 

400.9  ± 1.5 

(291) 

1954 

99. 99+ 

400.3  ± 1.4 

(283) 

1957 

99.998 

400.48  ± 0.25 

(279) 

1953 

-400.0 

(292) 

Electrochemical 

cells 

1977 

-392.6 

(284) 

1984 

99.995 

-399.47  ± 0.71 

this  study 
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leading  to  the  thought  that  a number  of  these  determinations  may 
pertain  to  something  other  than  pure  a— A1 2O3 - 

Finally,  it  is  mentioned  that  the  aluminum  is  very  sticky  to  the 
die.  To  obtain  a good  (A1  + A1 2O3 ) electrode  pellets,  it  would  be 
better  to  use  the  stainless  die.  In  addition,  there  were  two 
situations  which  lead  to  unsteady  e.m.f.'s  in  this  study.  One  was 
the  loose  Pt  lead-electrode  and  electrode-electroly te  interfacial 
contacts  being  poor.  The  other  condition  was  a result  of  induction 
from  the  furnace  windings.  Improved  interfacial  contacts  can  be 
established  by  using  pellets  with  prepolished  smooth  surfaces  and  by 
using  springs  to  obtain  intimate  contacts.  Possible  induced 
electrical  potential  was  eliminated  with  the  use  of  a grounded  silver 
sheet  surrounded  between  the  furnace  bore  and  the  outer  alumina  tube. 


CHAPTER  IX 

CONCLUSIONS  AND  RECOMMENDATIONS 
9.1  Conclusions 

As  demands  for  ultra  high  speed,  high  frequency,  high  quantum 
efficiency  devices  and  many  other  novel  applications  are  placed  on 
the  semiconductor  industry,  the  use  of  new  device  semiconductor 
materials  otner  than  silicon  becomes  necessary.  The  semiconducting 
materials  formed  by  compounds  of  Groups  III  A and  V A and  Groups  II  8 
and  VI  A elements  often  have  inherently  improved  electrical 
properties  and  there  also  exist  degrees  of  freedom  in  the  physical 
properties  that  make  these  materials  attractive  for  use  in  new  high- 
performance  semiconductor  devices  when  compared  with  the  commonly 
used  elemental  Si.  Many  of  the  processing  steps  in  the  fabrication 
of  devices  with  Groups  III-V  and  II-VI  materials  involve  the 
interfacial  contact  of  a liquid  phase  with  a solid  phase,  a vapor 
phase  with  a solid  phase  or  a vapor  phase  with  a liquid  phase.  The 
initial  estimate  of  these  processes  and  the  effective  analysis  of  the 
problems  often  require  knowledge  of  the  equilibrium  boundary 
conditions  at  such  interfaces  and  the  phase  chemistry  for  these 
semiconductor  materials.  For  this  reason,  the  phase  diagram  and 
thermochemical  properties  of  these  materials  are  presently  receiving 
considerable  investigation. 
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The  general,  rigorous  and  consistent  thermodynamic  relations 
that  could  describe  phase  equilibrium  in  quaternary  systems  of  the 
types  AxByC1.x_y)mDn  and  (AxBi_x)m(CyD1_y )n  were  developed  in  this 
work.  This  formulation  was  applied  to  several  Group  III-V  binary  and 
ternary  systems  by  assigning  the  value  of  m,  n,  x or  y to  one  or 
zero.  The  problem  of  quantitatively  describing  the  Group  III-V  (or 
1 1 -V I ) phase  diagram  is  reduced  to  the  simpler  problems  of  selecting 
the  standard  states,  calculating  the  temperature  and  pressure 
(negligible)  dependence  of  and  determining  the  temperature, 
pressure  (negligible)  and  composition  dependence  of  Tjq,  which 
represents  the  ratio  of  the  nonidealities  in  the  liquid  phase  to 
those  in  the  solid  phase.  The  liquid  solution  behavior  can  be 
obtained  by  extending  the  binary  liquid  solution  models  to  describe 
the  liquid  mixture  without  additional  adjustable  parameters.  In  a 
similar  manner,  the  solid  solution  behavior  is  obtained  by  extending 
the  pseudobinary  solid  solution  models  without  additional  adjustable 
parameters.  The  existence  of  a solid  phase  immiscibil ity  gap  in 
ternary  and  quarternary  systems  was  examined  by  means  of  the  solution 
models  investigated.  The  lattice  constant  of  the  ternary  and 
quaternary  systems  studied  here  was  calculated  by  the  Vegard's  law 
and  expressed  in  terms  of  the  solid  compositions.  The  lattice 
matching  of  the  active  layer  to  the  substrate  is  important  to  produce 
high  quality  defect-free  expitaxial  layers. 

Four  different  methods  that  are  solution  model  independent  were 
presented  to  determine  the  reduced  standard  state  chemical  potential 
change  and  applied  to  the  Group  III  antimonides  and  also  HgTe  and 
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CdTe  systems.  Each  of  the  above  four  methods  employs  a different 
data  base.  The  principal  result  is  a suggested  value  for  0IC  with 
the  first  method  most  reliable  at  or  near  the  melting  temperature, 
the  second  method  was  utilized  in  the  intermediate  temperature  ranges 
while  the  final  technique  was  valuable  for  "pinning  down"  the  low 
temperature  values.  It  is  common  practice  to  use  Vieland's  equation 
(9)  and  a solution  model  representing  the  stoichiometric  liquid 
activities  to  determine  9jq.  The  solution  model  parameters  are  then 
estimated  from  a fit  of  the  binary  phase  diagram  only.  It  has  been 
shown  that  this  procedure  can  lead  to  large  errors  in  the  value  of 
0IC*  errors  mainly  resulted  from  an  incorrect  representation  of 
the  stoichiometric  liquid  activities.  The  use  of  Method  III, 
however,  gave  the  correct  temperature  dependence  of  9jq  for  any 
(except  liquidus  data  alone)  data  base  studied.  The  inclusion  of 
activity  measurements  in  the  data  base  served  to  pin  down  the  value 
of  the  stoichiometric  activity  product  at  the  melting  point  and  thus 
replicated  the  recommended  values  of  9IC. 

The  determination  of  Tjq  was  examined  by  first  considering  the 
binary  liquid  solution  behavior  in  order  to  focus  on  the  liquid  phase 
nonidealities.  The  combined  data  set  consisting  of  phase  diagram, 
alloy  enthalpy  of  mixing,  and  the  Group  III  liquid-phase  activity  in 
conjunction  with  the  recommended  values  of  0IC  was  used  in  the 
parameter  estimation  for  several  solution  models,  which  containing 
different  assumptions  about  the  solution  behavior.  While  the 
improved  temperature  dependence  and  ability  to  represent  asymmetric 
excess  properties  found  in  the  local  composition  models  considered  in 


316 


this  work,  the  results  had  shown  that  none  of  the  solution  models 
studied  can  simultaneously  represent  the  combined  data  set  (phase 
diagram,  component  activity,  enthalpy  of  mixing)  for  the  AlSb  and 
Alin  systems  due  to  highly  asymmetric  phase  diagrams.  It  may  be 
concluded  that  a special  chemical  term  must  be  included  in  the  models 
to  properly  describe  these  systems  with  association  in  the  liquid 
phase.  Little  difference  was  found  in  the  model  calculations  for  the 
Ga-Sb,  Al-Ga,  and  Ga-In  systems.  The  NRTL  equation  (4  parameters) 
and  simple  solution  model  (2  parameters)  are  able  to  adequately 
represent  the  combined  data  well  for  these  systems.  It  was  also 
found  that  the  NRTL  equation  best  represents  the  asymmetric  and 
temperature-dependent  properties  of  the  In-Sb  system. 

Attempts  to  use  the  solution  models  to  predict  a property  from  a 
fit  of  a different  type  of  property  were,  in  general,  unsuccessful. 
The  results  of  the  use  of  different  models  to  calculate  properties 
from  the  fit  of  a single  set  of  data  or  from  the  fit  of  two  of  the 
three  type  experimental  measurements  usually  produced  wide 
differences  in  calculated  values  and  often  strongly  depended  upon  the 
model  used.  It  was  found  that  the  problem  was  mainly  due  to  the 
existence  of  the  nonuniqueness  of  the  model  parameters.  An  improved 
method  was  proposed  to  predict  the  phase  diagram  by  fixing  one  or  two 
parameters  based  on  the  individual  activity  and  enthalpy  of  mixing 
fits  or  the  double  data  set  fit  of  the  models  at  the  individual 
melting  point  and  eutectic  point  or  both  points  of  the  binary 
compound.  The  results  showed  that  the  prediction  of  the  phase 
diagram  from  the  activity  or  enthalpy  of  mixing  data  alone  is 
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possible  by  the  use  of  this  technique.  This  prediction  leads  to  very 
poor  results  with  the  original  models,  even  when  the  temperature 
dependent  parameters  are  introduced.  The  problem  of  parameter 
correlation  is  also  discussed  in  this  study.  The  correlation  between 
the  parameters  was  found  significantly. 

The  solid  solution  behavior  was  normally  determined  from  an 
analysis  of  the  pseudobinary  phase  diagram.  Two  different  methods 
for  calculating  the  solid  interaction  parameters  were  presented  in 
this  work  and  applied  to  the  AlSb-GaSb,  AlSb-InSb,  and  GaSb-InSb 
systems.  The  simple  solution  model  was  used  to  describe  the  solid 
solution  behavior  and  parameters  were  estimated  from  a fit  of  the 
data  base,  which  including  the  pseudobinary  phase  diagram, 
pseudobinary  liquid  enthalpy  of  mixing,  or  both.  The  results  for  two 
approaches  had  shown  that  the  NRTL  equation  for  liquid  solution  and 
simple  solution  model  for  solid  solution  provides  a means  of 
adequately  representing  the  data  for  these  three  pseudobinary 
antimonide  systems.  It  was  also  found  that  the  nonideality  in  the 
solid  solution  increases  with  increasing  the  lattice  mismatch  between 
two  binary  compounds.  The  treatment  of  the  AXB1-XC  liquid  solution 
as  a ternary  mixture  of  A,  B,  and  C gave  a higher  standard  deviations 
in  the  liquidus  data  due  to  the  absence  of  the  adjustable  parameters 
in  the  liquid  phase,  for  which  the  thermodynamic  properties  were 
estimated  with  binary  parameters  only.  This  discrepancy  between  the 
calculated  and  experimental  pseudobinary  liquidus  measurements  is 
particularly  prominent  for  the  system  in  which  the  melting  point 
difference  between  two  binary  limits  is  large.  The  variation  of  the 
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excess  Gibbs  energy  of  the  solid  solution  with  temperature  was  also 
found  in  opposite  directions  for  two  different  treatments  of  the 
liquid  phase.  It  follows  that  the  miscibility  gap  of  the  solid 
solution  is  predicted  differently  for  each  method.  Thus,  the 
treatment  of  the  AXB1_XC  liquid  as  a ternary  mixture  of  A,  8,  and  C 
or  as  a pseudobinary  solution  of  AC  and  BC  may  give  a different 
interpretation  of  the  solid  solution  behavior  that  is  obtained  from  a 
fit  of  the  pseudobinary  phase  diagram  only. 

The  pseudobinary  liquid  phase  properties  for  the  Ga¥In1_YSb 
system  were  determined  by  using  the  solution  models  with  only  binary 
parameters.  The  NRTL  equation  shows  excellent  agreement  with  the  aH^ 
experimental  results  of  Gerdes  and  Predel  (226),  while  the  simple 
solution  model  gives  slightly  more  positive  values  though  it  retains 
the  correct  composition  dependence.  The  predicted  activities  of  both 
the  NRTL  equation  and  simple  solution  model  show  significantly  less 
from  ideal  behavior  than  do  the  experimental  values  (234).  This 
indicates  that  some  kinds  of  "associates"  or  "complexes"  must  exist 
in  the  liquid  state.  The  results  of  these  calculations  show  that  the 
NRTL  solution  model  with  parameters  estimated  from  binary  data 
provides  a good  description  of  the  GaxIn1_xSb  liquid  solution 
thermodynamic  properties.  The  common  practice  of  applying  the  simple 
solution  model  to  a description  of  the  liquid  phase,  however,  gives 
only  fair  agreement  between  the  calculated  values  and  the 
experimental  measurements.  On  the  basis  of  this  work  and  a previous 
study  (137),  it  is  concluded  that  only  moderate  success  can  be 
expected  in  predicting  the  values  of  ternary  liquid  mixture 
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thermodynamic  properties  from  analysis  of  the  binary  phase  diagrams 
alone.  Improvements  in  the  predictive  capabilities  of  models  with 
parameters  based  on  binary  data  were  found  when  the  data  base 
includes  measurements  of  the  component  activity  or  enthalpy  of  mixing 
or  both. 

The  ability  to  extend  the  binary  and  pseudobinary  solution 
parameters  to  calculate  the  ternary  and  quaternary  phase  diagrams  was 
examined.  The  best  results  for  the  binary  liquid  and  pseudobinary 
solid  solution  parameters  obtained  in  this  study  in  conjunction  with 
the  recommended  values  of  0jq  were  used  to  calculate  the  quantities 
rIC  and  0jq  necessary  for  the  multicomponent  phase  diagram 
calculations.  Phase  diagrams  for  the  GalnSb,  AlGaSb,  AllnSb  and 
AlGalnSb  systems  were  presented.  As  in  the  case  of  pseudobinary 
systems,  the  NRTL  equation  with  parameters  estimated  from  the 
combined  binary  data  set  shows  a good  representation  of  the 
GaxInl-xSb  Tiquidus  isotherms,  solidus  isotherms  and  liquid  solution 
thermodynamic  properties.  The  use  of  the  simple  solution  model  for 
both  the  liquid  and  solid  phases  gives  only  fair  agreement  between 
the  calculated  and  experimental  values.  The  reason  for  this  is 
apparent  due  to  the  ability  of  the  NRTL  solution  model  to  represent 
the  asymmetric  and  temperature-dependence  properties  for  the  binary 
limits.  However,  the  simple  solution  model  with  parameters  estimated 
from  the  binary  phase  diagram  alone  gave  a good  representation  of  the 
AlxSai-xSb  liquidus  and  solidus  isotherms.  While  the  simple  solution 
model  parameters  provided  a good  description  of  phase  equilibrium  for 
AlGaSb  system,  it  was  unable  to  represent  the  other  thermodynamic 
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properties.  Because  of  the  lack  of  experimental  data  for  the  AllnSb 
and  AlGalnSb  systems,  the  accuracy  of  the  calculated  phase  diagrams 
could  not  be  adequately  tested.  However,  the  calculation  will 
provide  an  effective  guide  for  the  growth  of  these  materials. 

Finally,  the  applicability  of  the  use  of  a solid  state 
electrochemical  technique  employing  CaF2  as  an  oxygen  ion  conductor 
in  high  temperature  A1  systems  was  verified  for  the  first  time  in 
this  study.  A solid  state  galvanic  cell  was  employed  to  measure  the 
standard  Gibbs  energy  of  the  formation  of  A1203,  utilizing  calcium 
fluoride  (CaF2)  as  the  solid  electrolyte,  with  a (A1+A1203)  mixture 
as  the  working  electrode  and  a (Ni+NiO)  mixture  as  the  reference 
electrode.  The  results  of  this  tested  cell  showed  that  the  standard 
Gibbs  energy  of  formation  of  A1 203  is  in  good  agreement  with  the 
generally  accepted  thermochemical  value.  Thus,  CaF2  is  evidently 
suitable  as  a solid  electrolyte  for  A1  containing  alloys  studies. 

9.2  Recommendations 

On  the  basis  of  the  results  of  this  work  the  following 
suggestions  can  be  made  for  future  study,  and  will  be  briefly 
discussed. 

9.2.1  Theory 

The  standard  state  studied  in  this  work  is  quite  common  in  low 
pressure  vapor-liquid  equilibrium  correlations.  Nevertheless,  when 
the  system  temperature  is  higher  than  the  critical  temperature  of  a 
component  under  consideration  (as  is  the  case  at  high  vapor  pressures 
systems),  its  reference  fugacity  becomes  a hypothetical  quantity. 
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because  under  these  conditions  the  liquid  cannot  exist.  As  an 
example,  the  pure  liquid  reference  state  provides  problems  for  the 
HgTe,  arsenide  and  phosphide  systems  because  the  mercury,  arsenic  and 
phosphorus  components  have  very  high  vapor  pressures  even  below  the 
compound  melting  points  or  often  at  the  system  temperature  of 
interest.  The  use  of  an  infinite  dilution  reference  state  would 
overcome  this  difficulty  (avoid  if  possible).  Since  the  choice  of 
reference  state  plays  a crucial  role  in  the  study  of  Groups  I I -VI  and 
HI “V  phase  equilibrium,  a careful  study  should  be  made  in  this 
area.  The  possibility  of  improvement  in  the  calculation  of  0jC  for 
these  with  the  use  of  method  III  has  been  mentioned. 

For  the  convenience  of  explanation,  let  us  consider  the  phase 

diagram  of  a AXS^_XC  ternary  system,  which  calculated  by  the  simple 

solution  model  with  only  binary  and  pseudobinary  parameters  (i.e.. 
Ill  s 

WA-C»  W8-C»  wA-3  and  WAC-8C ^ * These  parameters  play  a different  role 
in  the  calculation  of  the  phase  diagram.  The  parameters  w|_q  and 

W3-C  serve  to  "Pin  down"  the  liquidus  surface  at  binary  limits,  while 
the  parameter  fixes  the  pseudobinary  portion  of  the  phase 

field.  The  parameter  w^_g  has  an  effect  on  the  curvature  of  the 
liquidus  surface.  Once  these  parameters  are  well  characterized,  it 
would  be  expected  that  the  ternary  phase  diagram  should  be  well 
defined.  As  mentioned  above,  no  solution  models  considered  here  have 
ability  to  represent  highly  asymmetric  systems.  Thus,  further 
consideration  of  the  calculation  of  the  multicomponent  phase  diagrams 
containing  highly  asymmetric  binary  systems  should  take  into  account 
possible  chemical  association  of  the  components  of  the  binary 


322 


limits.  This  effect  is  not  included  in  the  models  studied  here  but 

some  of  them  could  easily  be  modified. 

Further  numerical  calculation  is  desired  to  obtain  the  lattice 

matching  condition  that  must  be  satisfied  for  the  A1  Ga  In,  _ Sb 

x y i-x-y 

quaternary  solids  lattice  matched  to  the  desired  substrate  to  produce 
high  quality  defect-free  crystal. 

9.2.2  Experiments 

The  standard  Gibbs  free  energy  of  formation  of  AlSb(s)  and  the 
liquid  aluminum  activity  in  the  binary  and  multicomponent  systems 
studied  in  this  work  can  be  measured  with  the  galvanic  cells 
employing  a CaF2  solid  electrolyte  and  a A1 +A1 203  mixture  as  the 
reference  electrode.  The  cells  are  represented  schematically  as 


follows: 

Pt|C|Al(s), 

A1203(s),CaF2,Sb(s)-  A1Sb(s)’  A12°3(s) lC*Pt 

(A) 

Pt|C|Al(1), 

A12°3(s),CaF2,A1xSbl-xU)-  A12°3(S)lClFt 

(B) 

Pt|C|Al(1), 

A,2°3(s)"CaF2,A,xSal-xSbm-  A12°3(s)lClPt 

(C) 

Pt|C|Al(1), 

A12°3(s),CaF2"A,xI"l-xSbO)’  A12°3(s) lClPt 

(D) 

Pt|C|Al(1), 

A12°3(s),CaF2llA,xGayInl-x-ySb(l)-  A12°3(s)  'ClPt 

(E) 

As  shown  in  Figure  9-1,  the  cell  set-up  for  these  liquid  III-V  cells 
will  be  simple  and  analogous  to  that  already  used  in  this  work.  In  a 
similar  manner,  the  following  cells  will  be  used  to  determine  the 
AlSb  activity  in  the  AlSb-GaSb,  AlSb-InSb,  and  AlSb-GaSb-InSb  solid 
solutions  and  the  GaSb  activity  in  the  GaSb-InSb  solid  solution: 


323 


Figure  9-1 


Experimental  Apparatus 
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A1xGal-xSb(s)lClPt 


(F) 


Sb,JC|Pt 


P t J C | Sb ( s j » AlSb(s),  A 1 2O ^ ( 5 ) 2 Sb 


Sb,  JC|Pt  (H) 


Here  the  solid  electrolyte  material  yttria-stabil  ized  zirconia  (YSZ) 
and  calcium-stabilized  zirconia  (CSZ)  usually  are  used  in  the  study 
of  the  Ga-In-Sb  system.  The  performance  of  these  cells  is  strongly 
influenced  by  the  following  factors: 


2.  Do  the  electrochemical  cells  reach  the  equilibirum  condition? 

3.  Does  vapor  phase  short  the  circuit? 

The  results  of  the  measurements  provide  a means  of  verifying  the 
validity  of  the  use  of  the  solution  models  based  on  a fit  of  the 
binary  and  pseudobinary  phase  diagrams  to  predict  the  multicomponent 
phase  diagram  and  thermochemical  properties.  Especially,  such 
measurements  for  the  solid  solutions  would  couple  the  thermodynamic 
data  base  for  each  ternary  system  studied  here.  Using  this  complete 
data  set,  a variety  of  the  solution  models  can  be  compared  for  the 
liquid  and  solid  phases.  The  best  fit  parameters  for  the  model  are 
then  used  to  calculate  phase  diagrams  and  to  predict  the  solid  phase 
immiscibil ity  gap.  Finally,  the  technique  with  a modification  of  the 
solid  state  cells  considered  here  might  also  be  extended  to  the 
direct  measurement  of  component  activity  in  the  volatile  systems 
(e.g*,  HgTe,  arsenide  and  phosphide  systems).  The  results  of  such  a 


1.  Is  the  solid  or  liquid  solution  mixed  completely? 
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study  would  be  independent  of  any  assumptions  about  the  hypothetical 
reference  of  the  volatile  components. 


APPENDIX 

SAMPLE  PROGRAM  FOR  CALCULATING  Al-Ga-In-Sb  PHASE  DIAGRAM 


implicit  real *8  (a-h,o-z) 
real*8  xl ( 100 ) , x40 ( 100 ) , x3 ( 100 ) , x4 ( 100, x2 { 100 ) 
er=l,0d-5 
do  10  i =1,101 
x40(i)=0. 489394 
x0=0. 318098 
y0=0. 131902 
20  xl ( i )=0. 0277357 

x2(i )=0. 00504408* (i-1) 

x3(i ) =1 . 0-xl ( i ) - x 2 ( i )-x40(i ) 

t-1073. 

wl4=13437. 29-12. 85393*t 
w24=3208. 964-5. 88639o*t 
w34=-4500. 5+0. 9064179*t 
wl2=598. 9409-0. 3173501*t 
wl3=1060 

w23=1029.9+0.29T 

wl424=3858. 539-3. 057946*t 

wl434=1574. 993-1. 874394*t 

w2434=1884. 091-0. 4248481*t 

tl4=-5. 4806433-0. 0005133*t-9176.8767/t 

++1. 5218923*dlog( t) 

t24=5. 37-7950. /t+0.1*dlog(t) 

t34=-5. 7237-0. 0007061*t-5902. 119/t+l. 65576*dlog( t) 

rl4=dexp(  (wl424*y0**2+v/1434*(l. -xO-yO )**2+( 

+wl434+wl424-w2434 )*yO*( 1. -xO-yO) ) / ( 1. 9872*t) ) 

r24=dexp ( (w2434*( 1. -xO-yO )**2+wl424*x0**2t( 

+w2434+wl424-wl434)*x0*(l . -xO-yO) ) / ( 1 . 9872*t) ) 

r34=dexp( (wl434*x0**2_w2434*y0**2+(wl434+W2 

+434-wl424)*x0*y0)/(1.9872*t)) 

rl=dexp( (wl2*x2(i  )**2+wl3*x3( i )**2+wl4*x40(i )**2 

++(wl2+wl3-w23)*x2( i )*x3(i )+(wl3+wl4-w34)*x3( i )* 

+x40(i )+(wl2+wl4-w24)*x2(i )*x40(i ) )/(1.9872*t) ) 

r2=dexp( (wl2*xl(i )**2+w23*x3( i )**2+w24*x40( i )**2 

++(w23+w24-w34)*x3(i )*x40(i ) + (w24+wl2-wl4)*xl(i  )* 

+x40( i )+(wl2+w23-wl3)*xl(i )*x3(i ) )/(1.9872*t) ) 

r3=dexp ( (w34*x40 ( i )**2-h^13*x1  ( i )**2+w23*x2(i  )**2 

++(w34+wl3-wl4)*xl(i )*x40(i )+(wl3+w23-wl2)*xl(i )* 

+x2 ( i ) +(w23+w34-w24 )*x2 ( i )*x40 ( i ) ) / ( 1 . 9872*t ) ) 

r 4=dexp ( (wl4*xl ( i ) **2+w24*x2 ( i ) **2+w34*x3 ( i ) **2 

++(wl4+w24-wl2)*xl(i )*x2(i )+(w24+w34-w23)*x2(i )* 

+x3 ( i )+(w34+*^14-wl3)*xl ( i )*x3( i ) ) / ( 1. 9872*t) ) 
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gl4=rl*r4/rl4 

g24=r2*r4/r24 

g34=r3*r4/r34 

fl=x0-gl4*xl(i )*x40 ( i )*dexp(-tl4) 
t2=yO-g24*x2(i )*x40(i )*dexp(-t24) 
f3=l.-x0-y0-g34*x3( i )*x40(i )*dexp(-t34) 
al=(-2.*wl3*x3(i )+2.*wl4*x40(i ) - x 2 ( i )*(wl2+wl3-w23 )+x2( i ) 
+*(wl2+wl4-w24)+(wl3+wl4-w34)*( x3( i )-x40( i ) ) ) / ( 1.9872*t) 
a2=(-2.*w23*x3(i )+2.*w24*x40(i )-xl(i )*(wl2+w23-wl3 )+xl ( i ) 
+*(wl2+w24-wl4)+(w23+w24-w34)*(x3( i )-x40(i ) ) )/(1.9872*t) 
a3=(2.*w34*x40(i  )+x2(i  )*(w23+w34-w24)+xl(i  )*(wl3+v/34-wl4) ) 

+/ (1.9872*t) 

a 4= ( -2 . *w34*x3 (i )-xl(i )* ( wl4+w34-wl3 ) -x2 ( i )*( w24+w34-w23 ) ) 
+/( 1. 9872*t) 

a5=(-2.*wl434*( l.-x0-y0)-y0*(wl434+wl424-w2434) ) /1.9872/t 
a6=( -2.*w2434*( 1. -x0-y0)+2.*wl434*x0+(l.-2.*x0-y0)* 
+(w2434+wl424-wl434) )/(1.9872*t) 
a7=(  -2.  *v/1434*xO+yO*(wl434+w2434-wl424 ) ) / ( 1 . 9872*t) 
a8=( 2.*wl424*y0-2 . *wl434*( 1 . -xO-yO ) +(wl434+wl424-w2434 )* 
+(l.-xO-2.*yO) )/(1.9872*t) 

a9= ( -2 . *w2434* ( 1 . -xO-yO ) -xO* (w2434+wl424-wl434 ) ) / ( +1 . 9872*t) 
a 10=  ( 2 . *w2434*y0+x0*( wl434+w2434-wl424 ) ) / ( 1 . 9872*t) 
f lx=-gl4*xl(i )*dexp(-tl4)+(fl-x0)*(al+a4) 
fly=l.+(x0-fl)*a5 
flz=(x0-fl)*a8 

f2x=-g24*x2(i )*dexp(-t24)+(f2-y)*(a2+a4) 

f2y=(y0-f2 )*a6 

f2z=(l.+(y0-f2)*a9 

f3x=(x40( i )-x3( i ) )*g34*dexp(-t34)+(f3-l.+x0+y0)*+(a3+a4) 
f3y=-l.+(l.-x0-y0-f3)*a7 
f 3z=-l . +( 1 . -xO-yO-f 3 )*alO 
a=fl*f2y*f3z+fly*f2z*f3+flz*f2*f3y-flz*f2y*f3- 
+fl*f2z*f3y-f Iy*f2*f3z 

b=flx*f2*f3z+fl*f2z*f3x+flz*f2x*f3-flz*f2*f3x- 
+flx*f2z*f3-f I*f2x*f3z 

C=flx*f2y*f3+fly*f2*f3x+fl*f2x*f3y-fl*f2y*f3x- 
+flx*f2*f3y-f Iy*f2x*f3 

d=flx*f2y*f3z+fly*f2z*f3x+flz*f2x*f3y-flz*f2y*f3x- 

+f Ix*f2x*f3y-f Iy*f2x*f3z 

dr=-a/d 

ds=-b/d 

dt=-c/d 

if  (dmaxl(abs(dr ) ,abs(ds) ,abs(dt) ,dabs(fl) ,dabs(f2) , 

+dabs(f3)),1t.er)  go  to  40 

x40(i )=x40(i )+dr 

xO=xO+ds 

yO=yO+dt 

go  to  20 

40  wri te(6,50)xl(i ) ,x2(i ),x3(i ) ,x40( i )xO,yO 
50  format(6dl3.5) 

10  continue 
stop 
end 
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